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E.1.0 INTRODUCTION 

A series of numerical simulations were conducted to evaluate the performance of interim 
corrective measures such as surface barriers in reducing long-term human health risks from 
potential groundwater contamination at waste management area (WMA) B-BX-BY.  
The specific objectives of the numerical assessment were to:  1) quantify the risks posed by past 
tank releases to the groundwater if no interim corrective measures are implemented, and 
2) determine to what degree implementation of selected interim corrective measures would 
decrease the risks posed by past tank releases.  The assessments focus specifically on impacts to 
groundwater resources (i.e., the concentration of contaminants in groundwater) and long-term 
risk to human health (associated with groundwater use).  The evaluations consider the extent of 
contamination presently within the vadose zone, contaminant movement through the vadose zone 
to the saturated zone (groundwater), contaminant movement in the groundwater to specified 
boundaries, and the types of assumed human receptor activities at those boundaries.  The impact 
assessment results present several key evaluations for decision-maker input that may impact 
current operations and future decisions on tank retrieval and closure. 
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E.2.0 MODELING APPROACH 

Both base case (existing tank farm conditions) and engineered alternatives for the interim 
corrective measures were considered.  The focus for the contaminant transport modeling was 
chemicals (i.e., nitrate), moderately mobile radionuclides (i.e., uranium-238) and long-lived 
radionuclides (i.e., technetium-99) that are environmentally mobile.  The postulated conceptual 
model utilized the recently collected data on technetium-99 and other constituents from a 
borehole near tank BX-102 and the MACTEC-ERS spectral gamma data (DOE-GJPO 1998).  
Losses from B tank farm (e.g., tank B-110) and BY tank farm were not considered because of the 
small releases and the short half-life of the contaminants.  Limited attention was given to past 
practice sites (e.g., cribs and trenches) because they are the focus of the 200 Area Remediation 
Project. 

For simulations with barriers in the BX tank farm, it was assumed that an interim barrier is in 
place by the year 2010.  It was also assumed that for all simulations, as part of tank farm closure, 
a closure barrier is in place by the year 2040.  Placing a barrier was expected to significantly 
reduce infiltration of meteoric water and therefore arrival of contaminants at the water table.  The 
modeling considered the estimated inventories of contaminants within the vadose zone and 
calculated the associated risk (i.e., exceeding the drinking water standards [40 CFR 141] at a 
specified boundary).  Inventory estimates were considered to be a critical factor in calculations, 
and uncertainties in inventories were considered.  It was assumed that no tank leaks will occur in 
the future.  It was also assumed that, as part of good housekeeping, water line leaks from existing 
piping will be addressed and resolved.  However, as part of sensitivity analysis, simulations were 
run to evaluate long-term effects of water line leaks in the vicinity of tank BX-102.  The 
umbrella structure of the tank and shedding of water were simulated.  Sediments adjacent to the 
tanks attain elevated water content and, while remaining unsaturated, they develop moisture 
dependent anisotropy.  Such effects were simulated in the model.  Numerical results were 
obtained at the BX tank farm fence east line boundary, exclusion boundary beyond the 200 
Areas, and the Columbia River.  These boundaries are based on DOE-RL (2000), but in addition 
DOE-RL (2000) also includes the 200 Areas boundary.  However, 200 Areas and the exclusion 
boundaries are relatively close.  Streamtube/analytical models were used to route computed 
contaminant concentrations at the water table to other boundaries.  

A location map of WMA B-BX-BY and the surrounding facilities is shown in Figure E.1. 
Two-dimensional cross-sectional models were used to model vadose zone flow and transport.  
A representative (west-east) cross-sectional model through tanks BX-108, BX-105, and BX-102 
(Figure E.1) were considered.  In addition to the row of tanks, two-dimensional flow and 
transport simulations were run for a (west-east) trench (i.e., 216-B-38) west of the BX tank farms 
(Figure E.1). 

A west to east profile for the two modeled cross-sections, including trench B-38, is shown in 
Figure E.2. 
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Figure E.1.  Location Map of Single-Shell Tanks in Waste Management Area B-BX-BY 
and Surrounding Facilities in the 200 East Area 
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Figure E.2.  West to East Profile for Cross-Section through Tanks BX-111 to BX-102 
(distance ~180 to 300 m) and Trench B-38 (distance ~20 to 70 m) 

 
 
The cross-section containing tanks BX-108, BX-105 and BX-102 (Figure E.3) was modeled 
using a computation domain with a horizontal extent of 117.4 m (385.0 ft) and unit width.  
Because the inventory was emplaced at areas east of tank BX-108, the western-most tank, BX-
111, was not included in the domain.  To avoid boundary effects when the domain terminated at 
the east fence line, the geology shown at the eastern edge of the BX cross-section was extended 
by 15 feet. 

The region west of tank BX-111 was used to model flow and transport for trench B-38.  The 
horizontal extent of the trench B-38 cross-section was 109.9 m (306.5 ft) and the width was 10 ft 
(Figure E.4).  Note that, in this appendix and in Section 4.0, the cross-section containing the row 
of tanks BX-108, BX-105, and BX-102 is also labeled as cross-section BX-HH'.  Also, the trench 
cross-section is often labeled as B-38. 

Simulation of flow and transport through each cross-section generates a breakthrough curve 
(BTC) at the water table.  The temporal and spatial distribution for each of these BTCs is 
recognized and the principle of superposition is used to generate a composite BTC.  An 
analytical/streamline approach is used to route the BTCs through the unconfined aquifer to the 
remote boundaries.  The BTCs are converted into dose estimates using appropriate factors. 
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Figure E.3.  Geologic Cross-Section through Tanks BX-102, BX-105, and BX-108 
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Figure E.4.  Geologic Cross-Section through Trench B-38 
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Fluid flow within the vadose zone is described by Richards' equation (Domenico and Schwartz 
1990), whereas the contaminant transport is described by the conventional advective-dispersive 
transport equation with an equilibrium linear sorption coefficient (Kd) formulation.  Detailed 
stratigraphic cross-sectional model data are based on information in Lindsey et al. (2001).  
The model includes the effects of dipping strata.  The enhanced spreading at the fine-grained 
/coarse-grained interfaces and the increased downdip movement of the plume along these 
interfaces are included in the model. 

Data on laboratory measurements for moisture retention, particle-size distribution, saturated and 
unsaturated hydraulic conductivity, and bulk density for individual stratum are based on data on 
200 East and 200 West Area soils (Khaleel et al. 2001).  For each stratum defined by the 
stratigraphic cross-sectional model, the small-scale laboratory measurements are upscaled to 
obtain equivalent horizontal and vertical unsaturated hydraulic conductivities as a function of 
mean tension (Khaleel et al. 2001).  Upscaling (Khaleel et al. 2002a, b) of unsaturated hydraulic 
conductivities (Ks) leads to development of macroscopic anisotropies (as a function of mean 
tension) for each layer.  An averaging of van Genuchten parameters (θr, θs, α, and n) 
(van Genuchten 1980) is used to define a moisture retention curve for each stratum. 

In case multiple samples were not available for each stratum, data from other sites in the 200 
Areas were used (Khaleel and Relyea 2001).  Attempts were made to use hydraulic properties 
that were obtained using both laboratory-measured moisture retention and unsaturated hydraulic 
conductivity.  This was primarily to avoid extrapolating the unsaturated conductivities 
(van Genuchten 1980; Mualem 1976) to the dry end, based on saturated conductivity estimate 
(Khaleel et al. 1995).  Also, to reflect field conditions, the laboratory data were corrected for the 
presence of any gravel fraction in the sediment samples (Khaleel and Relyea 1997).  As with 
flow modeling, each stratum was modeled with different transport parameters (i.e., bulk density, 
diffusivity, and dispersivity).   

Initial Conditions 

Initial conditions are needed for moisture content (or pressure head) and contaminant 
concentration.  For simulations not considering a barrier, initial conditions for pressure head (and 
moisture content) are established by allowing the vadose zone to equilibrate with an infiltration 
rate representative of natural infiltration for tank farm conditions.  The data on infiltration rates 
with and without barriers are included in Section E.2.2.1.  Initial conditions for contaminant 
concentration are provided as part of inventory estimates for uranium-238, technetium-99, and 
nitrate. 

Model Setup and Boundary Conditions 

A two-dimensional (west-east) vertical (x-z) slice of the flow domain was used for modeling 
flow and transport.  The simulation domain extends horizontally to include the fence line 
boundary and the water table, which is located about 77.4 m (254 ft) below ground surface.  
The geologic strata are assumed continuous but not of constant thickness.  Sloped interfaces for 
geologic units are included. 



RPP-10098, Rev. 0 

AppE_1213 E-7 December 13, 2002 

For flow modeling, Neumann boundary conditions were prescribed at the surface with the flux 
equal to the recharge rate estimate.  For transport modeling, a zero flux boundary was prescribed 
at the surface for technetium-99, nitrate, and uranium.  The western and eastern boundaries were 
assigned no-flux boundaries for both flow and transport.  The water table boundary was 
prescribed by water table elevations and the unconfined aquifer hydraulic gradient.  No-flux 
boundaries were used for the lower boundary.  Detailed inputs for various flow and transport 
parameters are presented later. 

E.2.1 NUMERICAL CASES CONSIDERED 

All simulations reported were performed using the STOMP simulator (White and Oostrom 
2000a, b).  The flow and solute transport simulation cases were specified in the modeling data 
package (Khaleel et al. 2001).  The suite of simulations investigated the need for interim 
corrective measures (e.g., surface barriers) and the sensitivity of water line leaks, recharge, 
sorption, and initial inventory placement on solute transport.  Two-dimensional cross-sections, 
representing west to east transects through the BX tank farms and B trenches were used for the 
computational domains.  For the BX tank farm, the following simulations were conducted for 
cross-section BX-108, BX-105 and BX-102: 

• Inventory distribution east of tank BX-102 (cases 1 through 4 and 7 through 11) 
• Inventory distribution centered between tanks BX-105 and BX-102 (cases 5 and 6) 
• Interim barriers (cases 2 and 6) 
• Water line leaks (cases 3 and 4) 
• Variations in recharge rates (cases 7, 8, and 9) 
• Variations in uranium-238 Kd (cases 10 and 11). 

For the B trench simulations, the following simulations were conducted for the B-38 
cross-section west of the BX tank farm: 

• Variations in recharge rates (cases 12 and 13) 
• Closure barrier schedule analogous to the one used for the BX tank farm cases (case 14). 

Simulations were run for 1000 years.  The individual cases are summarized below. 

• Case 1:  Base Case, No Action Alternative.  This scenario involves simulating flow and 
transport for the cross-section through tanks BX-108, BX-105, and BX-102, considering 
an initial recharge rate of 100 mm/yr, no water line leak, no interim barrier, a closure 
barrier at year 2040, a partitioning coefficient (Kd) of 0.6 mL/g for uranium-238, and an 
inventory distribution that extends east of tank BX-102 to the BX tank farm east fence 
line boundary. 

• Case 2:  Barrier Alternative and No Water Line Leak.  This scenario involves 
simulating flow and transport for the cross-section through tanks BX-108, BX-105, and 
BX-102, considering initial recharge rate of 100 mm/yr, placement of an interim barrier 
by 2010, a closure barrier at year 2040 (i.e., the interim barrier replaced by the closure 
barrier), no water line leak, a Kd of 0.6 mL/g for uranium-238, and an inventory 
distribution that extends east of tank BX-102 to the BX tank farm east fence line 
boundary. 
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• Case 3:  No Interim Barrier and Water Line Leak (1 gpm for 20 years).  This 
scenario involves simulating flow and transport for the cross-section through tanks 
BX-108, BX-105, and BX-102, considering initial recharge rate of 100 mm/yr, water line 
leak (1 gpm for 20 years) for BX-102 only, no interim barrier until closure at year 2040, a 
Kd of 0.6 mL/g for uranium-238, and an inventory distribution that extends east of tank 
BX-102 to the BX tank farm east fence line boundary.  The water line leak occurs east of 
tank BX-102 over a 15-foot radius at the elevation of the top of the tank dome. 

• Case 4:  No Interim Barrier and Water Line Leak (200,000 gallons over 5 days).  
This scenario involves simulating flow and transport for the cross-section through tanks 
BX-108, BX-105, and BX-102, considering initial recharge rate of 100 mm/yr, water line 
leak (200,000 gallons in 5 days) for BX-102 only, no interim barrier until closure at year 
2040, a Kd of 0.6 mL/g for uranium-238, and an inventory distribution that extends east 
of tank BX-102 to the BX tank farm east fence line boundary.  The water line leak occurs 
east of tank BX-102 over a 15-foot radius at the elevation of the top of the tank dome. 

• Case 5:  Alternate Inventory Distribution and No Interim Barrier.  This scenario 
involves simulating flow and transport for the cross-section through tanks BX-108, 
BX-105, and BX-102, considering initial recharge rate of 100 mm/yr, no water line leak, 
no interim barrier until closure at year 2040, a Kd of 0.6 mL/g for uranium-238, and an 
inventory distribution that is centered between tanks BX-105 and BX-102. 

• Case 6:  Alternate Inventory Distribution with Interim Barrier.  This scenario 
involves simulating flow and transport for the cross-section through tanks BX-108, 
BX-105, and BX-102, considering initial recharge rate of 100 mm/yr, placement of an 
interim barrier at year 2010, a closure barrier at year 2040 (i.e., the interim barrier 
replaced by the closure barrier), no water line leak, a Kd of 0.6 mL/g for uranium-238, 
and an inventory distribution that is centered between tanks BX-105 and BX-102. 

• Case 7:  Base Case with 50 mm/yr Meteoric Recharge.  This scenario involves 
simulating flow and transport for the cross-section through tanks BX-108, BX-105, and 
BX-102, considering initial recharge rate of 50 mm/yr, no water line leak, no interim 
barrier until a closure at year 2040, a Kd of 0.6 mL/g for uranium-238, and an inventory 
distribution that extends east of tank BX-102 to the BX tank farm east fence line 
boundary. 

• Case 8:  Base Case with 30 mm/yr Meteoric Recharge.  This scenario involves 
simulating flow and transport for the cross-section through tanks BX-108, BX-105, and 
BX-102, considering initial recharge rate of 30 mm/yr, no water line leak, no interim 
barrier until closure at year 2040, a Kd of 0.6 mL/g for uranium-238, and an inventory 
distribution that extends east of tank BX-102 to the BX tank farm east fence line 
boundary. 

• Case 9:  Base Case with 10 mm/yr Meteoric Recharge.  This scenario involves 
simulating flow and transport for the cross-section through tanks BX-108, BX-105, and 
BX-102, considering initial recharge rate of 10 mm/yr, no water line leak, no interim 
barrier until closure at year 2040, a Kd of 0.6 mL/g for uranium-238, and an inventory 
distribution that extends east of tank BX-102 to the BX tank farm east fence line 
boundary. 
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• Case 10:  Base Case with Kd = 0.1 ml/g for Uranium-238.  This scenario involves 
simulating flow and transport for the cross-section through tanks BX-108, BX-105, and 
BX-102, considering initial recharge rate of 100 mm/yr, no interim barrier until closure at 
year 2040, a partition coefficient (Kd) of 0.1 mL/g for uranium-238, and an inventory 
distribution that extends east of tank BX-102 to the BX tank farm east fence line 
boundary. 

• Case 11:  Base Case with Kd = 1.0 ml/g for Uranium-238.  This scenario involves 
simulating flow and transport for the cross-section through tanks BX-108, BX-105, and 
BX-102, considering initial recharge rate of 100 mm/yr, no interim barrier until closure at 
year 2040, a Kd of 1.0 mL/g for uranium-238, and an inventory distribution that extends 
east of tank BX-102 to the BX tank farm east fence line boundary. 

• Case 12:  Trench B-38 with 55.4 mm/yr Meteoric Recharge.  This scenario involves 
simulating flow and transport for a cross-section west of tank BX-111, considering initial 
recharge rate of 55.4 mm/yr, a 378,000-gallon leak in 1954, no water line leak, no interim 
barrier until closure at year 2010, and a unit inventory distribution for a sorbed species 
(i.e., uranium-238, Kd = 0.6 mL/g) and a non-sorbing species (i.e., technetium-99 and 
nitrate).  The unit inventory results are also scaled to the uranium-238, technetium-99, 
and nitrate inventory estimates for trench B-38 and all of the B trenches. 

• Case 13:  Trench B-38 with 100.0 mm/yr Meteoric Recharge.  This scenario involves 
simulating flow and transport for a cross-section west of tank BX-111, considering initial 
recharge rate of 100 mm/yr, a 378,000-gallon leak in 1954, no interim barrier until 
closure at year 2010, and a unit inventory distribution for a sorbed species 
(i.e., uranium-238, Kd = 0.6 mL/g) and a non-sorbing species (i.e., technetium-99 and 
nitrate).  The unit inventory results are also scaled to the uranium-238, technetium-99, 
and nitrate inventory estimates for trench B-38 and all of the B trenches. 

• Case 14: Trench B-38 with Delayed Closure Barrier with 100.0 mm/yr Meteoric 
Recharge.  This scenario involves simulating flow and transport for a cross-section west 
of tank BX-111, considering initial recharge rate of 100 mm/yr, a 378,000-gallon leak in 
1954, no interim barrier until closure at year 2040, and a unit inventory distribution for a 
sorbed species (i.e., uranium-238, Kd = 0.6 mL/g) and a non-sorbing species 
(i.e., technetium-99 and nitrate).  The unit inventory results are also scaled to the 
uranium-238, technetium-99, and nitrate inventory estimates for trench B-38 and all of 
the B trenches. 

E.2.2 RECHARGE ESTIMATES AND VADOSE ZONE FLOW AND TRANSPORT 
PARAMETERS 

Modeling inputs for recharge estimates and effective (upscaled) flow and transport parameters 
are presented in this section.  The effective parameters are based on laboratory measurements of 
moisture retention, saturated and unsaturated hydraulic conductivity, and bulk density for 
sediment samples in the 200 Areas. 
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E.2.2.1 Recharge Estimates 

The tank farm surfaces are covered with gravel to prevent vegetation growth and provide 
radiation shielding for site workers.  Bare gravel surfaces, however, enhance net infiltration of 
meteoric water compared to undisturbed naturally vegetated surfaces.  Infiltration is further 
enhanced in the tank farms by the effect of percolating water being diverted by an impermeable, 
sloping surface of the tank domes.  The basis for recharge estimates (Table E.1) for the field 
investigation report modeling is presented in Section 3.2.1.  Recharge estimates for the trench 
simulations are presented in Table 4.1 in Section 4.1. 

Table E.1.  Timeline Estimates for Emplacement of Interim and Closure Barriers 
at the BX Tank Farm and Corresponding Recharge Estimates 

Condition Simulated Recharge Estimate 
(mm/yr) 

No barrier (2000 to 2010) 100 

Interim barrier (2010 to 2040) 0.5 

Closure barrier (first 500 yrs) (2040 to 2540) 0.1 

Degraded closure barrier (post 500 yrs) (2540 to 3000) 3.5 

 
E.2.2.2 Vadose Zone Flow and Transport Parameters 

This section provides effective (upscaled) values of flow and transport parameters for the vadose 
zone.  Specific flow parameters include moisture retention and saturated and unsaturated 
hydraulic conductivity.  Transport parameters include bulk density, diffusivity, sorption 
coefficients, and macrodispersivity.  Details on deriving the effective (upscaled) parameters are 
addressed in Modeling Data Package for B-BX-BY Field Investigation Report (FIR) 
(Khaleel et al. 2001). 

Table E.2 lists composite, fitted van Genuchten-Mualem (van Genuchten 1980; 
van Genuchten et al. 1991) parameters for various strata at the BX tank farm.  Estimates for the 
equivalent horizontal and vertical hydraulic conductivities are presented in Section E.2.2.3. 

Table E.2.  Composite van Genuchten-Mualem Parameters 
for Various Strata at the BX Tank Farm 

Strata/Material 
Type 

Number of 
Samples θs θr α 

(1/cm) n ℓ Fitted Ks 
(cm/s) 

Backfill 10 0.1380 0.0100 0.0210 1.3740 0.5 5.60E-04 
Sand H2 12 0.3819 0.0443 0.0117 1.6162 0.5 9.88E-05 
Gravelly sand H1 11 0.2126 0.0032 0.0141 1.3730 0.5 2.62E-04 

Gravelly Sand H3 8 0.2688 0.0151 0.0197 1.4194 0.5 5.15E-04 
Plio-Pleistocene 4 0.4349 0.0665 0.0085 1.8512 0.5 2.40E-04 
Aquifer/Sandy gravel 8 0.2688 0.0151 0.0197 1.4194 0.5 1.87E-01 
Source:  Khaleel et al. (2001) 
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E.2.2.3 Stochastic Model for Macroscopic Anisotropy 

Variable, tension-dependent anisotropy provides a framework for upscaling small scale, 
laboratory measurements to the effective (upscaled) properties for the large scale tank farm 
vadose zone.  A stochastic model (Polmann 1990) is used to evaluate tension-dependent 
anisotropy for sediments at the WMA; details are in Appendix C of Khaleel et al. (2001).  The 
following is a brief description of the variable anisotropy model used in the field investigation 
report modeling. 

Yeh et al. (1985) analyze steady unsaturated flow through heterogeneous porous media using a 
stochastic model; parameters such as hydraulic conductivity are treated as random variables 
rather than as deterministic quantities.  The Gardner (1958) relationship is used in 
Yeh et al. (1985) to describe unsaturated hydraulic conductivity (K) as a function of saturated 
hydraulic conductivity (Ks) and tension (ψ ), that is, 

(E.1) 
where: 

β  = fitting parameter. 
 
Equation E.1 can be written as 

βψψ −= sLnKK )(ln  (E.2) 

Equation E.2 is referred to as the log-linear model, because LnK is linearly related to ψ through 
the constant slope β.  However, such a constant slope is often inadequate in describing LnK(ψ ) 
over ranges of tension of practical interest for field applications.  As an alternative, the slope β 
can be approximated locally by straight lines over a fixed range of tension.  The LnKs in 
Equation E.2 can then be derived by extrapolating the local slopes back to zero tension. 

Using a linear correlation model between the log-conductivity zero-tension intercept and β, 
Polmann (1990) presents a generalized model that accounts for the cross-correlation of the local 
soil property (i.e., LnKs and β) residual fluctuations.  Compared to uncorrelated LnKs and β 
model, partial correlation of the properties is shown to have a significant impact on the 
magnitude of the effective parameters derived from the stochastic theory.  The Polmann (1990) 
equations for deriving the effective parameters are as follows. 
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where: 

2
LnKσ  = variance of log unsaturated conductivity (which depends on mean tension) 

<ψ > = mean tension 

)(- K K s βψψ exp)( =
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2
LnKsσ  = variance of LnKs 

<LnKs> = mean of LnKs 
p  = slope of the β versus LnKs regression line 
ζ  = σδ/σLnKs 
σδ  = standard deviation of the residuals in the β versus LnKs regression 
A  = mean slope, β, for LnKs vs. ψ  
λ  = vertical correlation lengths for LnKs (assumed to be same as that of β) 

eq
hK  = equivalent unsaturated horizontal conductivity 
eq
vK  = equivalent unsaturated vertical conductivity. 

E.2.2.3.1  Macroscopic Anisotropy Parameters.  Table E.3 lists the variable, macroscopic 
anisotropy parameter estimates for various strata at WMA B-BX-BY.  Details on derivation of 
the parameter estimates are included in Appendix C of Khaleel et al. (2001) 

Table E.3.  Macroscopic Anisotropy Parameters Based on Polmann (1990) 
Equations for Various Strata at WMA B-BX-BY 

Strata/Material 
Type 

Number of 
Samples <LnKs> 2

sLnKσ  p ζ λ 
(cm) A 

Backfill 10 -15.76 3.56 -1.1E-4 1.84E-4 30 0.00371 

Sand H2 12 -14.60 1.50 -7.2E-4 6.55E-4 50 0.00620 

Gravelly Sand H1 11 -14.85 1.94 -2.6E-4 2.50E-4 30 0.00368 

Gravelly Sand H3 8 -15.30 1.83 -5.6E-4 5.16E-4 50 0.00415 

Plio-Pleistocene 4 -10.43 1.01 -2.4E-3 9.34E-4 50 0.0104 

 
 

E.2.2.4 Effective Transport Parameters 

Effective transport parameter (bulk density, diffusivity, and dispersivity) estimates are presented 
in this section.  Because of natural variability, the transport parameters are all spatially variable.  
Similar to the flow parameters, the purpose is to evaluate the effect of such variability on the 
large-scale transport process. 

E.2.2.4.1  Bulk Density and Sorption Coefficient.  Both bulk density (ρb) and sorption 
coefficient estimates are needed to calculate retardation factors for different species.  
The effective, large-scale estimate for the product [ρbKd] is the average of the product of 
small-scale laboratory measurements for bulk density and sorption coefficient (Gelhar 1993).  
Table E.4 provides the effective, large-scale estimates for uranium-238.  The average ρb, E[ρb] 
(Table E.4) estimates are based on data in Khaleel et al. (2001) for the five strata.  The sorption 
coefficient estimates (Table E.4) for uranium-238 are based on data from Geochemical Data 
Package for the Immobilized Low-Activity Waste Performance Assessment (Kaplan and 
Serne 1999) for undisturbed sediments.  No other species are included, because the sorption 
coefficients for technetium-99 and nitrate are estimated to be zero.  Calculations for E[ρb] and 
E[ρbKd] include correction for the gravel fraction (Table E.4). 
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Table E.4.  Effective Parameter Estimates, E[ρbKd], for Uranium-238 for the Product 

of Bulk Density (g/cm3) and Kd (cm3/g) at Waste Management Area B-BX-BY 

Strata/Material Type Kd  E[ρb] E[ρbKd] 
Backfill 0.6 1.94 0.59 
Sand H2 0.6 1.76 1.04 
Gravelly sand H1 0.6 2.07 1.24 
Gravelly sand H3 0.6 1.94 1.17 
Plio-Pleistocene 0.6 1.65 0.98 

Source:  Khaleel et al. (2001) 
 
E.2.2.4.2  Diffusivity.  It is assumed that the effective, large-scale diffusion coefficients for all 
strata at the BX tank farm are a function of volumetric moisture content (θ) and can be expressed 
using the empirical relation from “Permeability of Porous Solids” (Millington and Quirk 1961): 

 2

3/10

0)(
s

e DD
θ

θθ =      (E.4) 

where: 

De(θ) = effective diffusion coefficient of an ionic species  
D0  = effective diffusion coefficient for the same species in free water. 

The molecular diffusion coefficient for all species in porewater is assumed to be 2.5 × 10-5 cm2/s 
(Kincaid et al.1995). 

E.2.2.4.3  Macrodispersivity.  An extended review is provided in Appendix C of 
Khaleel et al. (2001) on the rationale for vadose zone macrodispersivity estimates.  
Macrodispersivity estimates are needed for both reactive (uranium-238) and non-reactive 
(i.e., technetium-99 and nitrate) species. 

Macrodispersivity Estimates for Non-Reactive Species.  Macrodispersivity estimates for 
non-reactive species (i.e., technetium-99 and nitrate) are listed in Table E.5.  Details on the basis 
for the estimates are provided in Appendix C of Khaleel et al. (2001). 

Table E.5.  Non-Reactive Macrodispersivity Estimates for 
Various Strata at Waste Management Area B-BX-BY  

Strata/Material Type AL  
(cm) 

AT  
(cm) 

Backfill ~150 15 

Sand H2 ~150 15 

Gravelly sand H1 ~100 10 

Gravelly sand H3 ~100 10 

Plio-Pleistocene ~50 5 
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E.2.2.4.4  Heterogeneous Sorption Enhanced Macrodispersivities for the Reactive Species.  
The net effect of sorption is to retard the velocity of the contaminant.  Because sorption for 
specific contaminants may be a function of soil properties, as the soil properties experience 
spatial variability, the sorption also varies (Gelhar 1993; Talbott and Gelhar 1994). 

Stochastic analysis results for macrodispersivity enhancement for various strata are presented in 
Table C-7 of Khaleel et al. (2001) for the reactive species (i.e., uranium-238).  Note that the 
unsaturated conductivities were evaluated at -100 cm via the fitted van Genuchten-Mualem 
relation.  The macrodispersivity enhancement ranged from about 1.06 for backfill sediments to 
about 2.24 for Plio-Pleistocene (silty) sediments. 

E.2.3 GROUNDWATER FLOW AND TRANSPORT 

This section provides flow and transport parameters for the unconfined aquifer including the unit 
dose conversion factors.  The preceding section provides vadose zone flow and transport 
parameters. 

Instead of the Hanford Site-wide groundwater model, an analytical/streamtube approach was 
used to model groundwater flow and transport.  Flow and transport information needed for the 
analytical/streamtube model is based on the VAM3D site-wide groundwater model (Law et al. 
1996).  Details are included in Appendix C of Khaleel et al. (2001). 

An instantaneous point source model was used to calculate the concentration of contaminant 
species originating at the BX tank farm fence line and monitored in the model at two remote 
boundaries along the groundwater flow path.  The two boundaries are the 200 Area exclusion 
boundary (~1.25 Km east of the 200 East Area) and the Columbia River (Table E.6).  The 
distance to each boundary along the groundwater flow path was based on streamlines derived 
from the VAM3D site-wide groundwater models of Law et al. (1996) and Lu (1996).  
Steady-flow conditions, water table maps, and streamlines generated from the VAM3D 
simulation are reported by Khaleel et al. (2001).  The analytical groundwater model assumes 
transport from a point source from a series of solute slugs and considers longitudinal and 
horizontal transverse dispersion, molecular diffusion, and first order decay.  The method of 
superposition was used to integrate the individual slug sources.  The instantaneous point source 
model for a three-dimensional space, as reported by Domenico and Schwartz (1990), is shown in 
Equation (E.5): 
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where: 

    C( x, y ,z,t )  = solute concentration as a function of position and time (pCi/L or µg/L) 

    C0 V0   = instantaneous source of solute mass (pCi or µg) 

    Dx ,Dy ,Dz  = coefficients of hydrodynamic dispersion (m2/yr) 

    x,y , z   = spatial distances from the solute source (m) 
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  t     = time (yr) 
λ     = solute species radioactive decay constant (1/yr) 
  v    = porewater velocity (m/yr). 

The hydrodynamic dispersion coefficients include dispersive and diffusive components, 
according to Equation (E.6) 

    Di  =  αi v+Dm  for  i =  x ,y , z   (E.6) 

where,   αi  is the dispersivity (m), and   Dm  is the molecular diffusion coefficient (m2/yr). 

Material property maps for the three elemental layers of the VAM3D site-wide groundwater 
model are reported in Khaleel et al. (2001).  Hydraulic properties for each of the 18 soil zones 
identified in the VAM3D site-wide groundwater model, including hydraulic conductivity in the 
north-south, east-west, and vertical directions, specific storage, and porosity are additionally 
reported in Khaleel et al. (2001).  The VAM3D site-wide groundwater model assumed equal 
hydraulic conductivities for the horizontal directions and a vertical conductivity one order of 
magnitude less than the horizontal components.  Specific storage was assumed constant across 
the site at 1 × 10-6 1/m and porosities were either 0.10 or 0.25. 

Distances and travel times from WMA B-BX-BY to the two specified boundaries were derived 
from streamline results from steady-state VAM3D unconfined aquifer flow simulations of the 
Hanford Site (Lu 1996).  The simulation results were based on post-Hanford conditions 
representing the water table at the site without the impact of unconfined aquifer discharges from 
Hanford activities.  Results of the VAM3D simulated hydraulic heads and streamlines are shown 
in Figures 15 and 19 in Lu (1996).  Two streamlines are analyzed from Figure 19 (Lu 1996) 
starting at WMA B-BX-BY to determine the unconfined aquifer path length to the Columbia 
River.  Travel markers indicating twenty-year intervals on the streamlines were used to estimate 
the travel time to the Columbia River from WMA B-BX-BY.  One streamline initially goes north 
from WMA B-BX-BY through the gap between Gable Mountain and Gable Butte and then 
travels east to the Columbia River.  The second (and shorter) streamline goes directly east to the 
Columbia River south of Gable Mountain.  Since these had dramatically different lengths and 
travel times to the specified boundaries, only values for the second (shorter) streamline were 
used in this analytical streamtube analysis (Table E.6). Other groundwater flow simulations of 
the Hanford Site and Hanford Site monitoring data have shown the potential for groundwater 
flow that goes northward through the Gable Mountain/Gable Butte gap.  These pathlines were 
not considered in this analysis and may be transient in nature from the extensive artificial 
recharge on the Hanford Site.  Results from the shorter path length provide conservative 
estimates. 

The concentration at the two remote boundaries is calculated by a FORTRAN code that 
implements the instantaneous pulse equation.  Input to the model is read from two separate input 
files.  The distance from the source zone to each boundary in the longitudinal (x) direction and 
groundwater velocity for each successive interval are listed in Table E.6.  The distances reported 
in Table E.6 represent the longitudinal distance x of Equations (E.5) and (E.6).  Values for the y 
and z directions are assigned values of zero signifying that the point of observation was along the 
longitudinal centerline. 
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Table E.6.  Distance to Specified Boundary, Groundwater Velocity, and Travel Time 
from Waste Management Area B-BX-BY 

Boundary Distance 
m 

Velocity 
m/yr 

Time 
yr 

Exclusion Boundary 4,600 115 40 

Columbia River 16,000 61.5 260 

 
The second input file provided solute mass flux across WMA B-BX-BY as a function of time for 
the three species (i.e., uranium-238, technetium-99, and nitrate).  The concentration at each 
boundary was calculated for a time series of solute release events using linear superposition of 
Equation (E.5) for each release event.  The 1000-year period between years 2000 and 3000 was 
modeled using 1000 uniformly spaced solute release events.  Radiological decay of the 
non-radioactive species (i.e., nitrate) was neglected. 

Other parameters needed for groundwater transport modeling are listed in Table E.7.  Note that a 
small vertical macrodispersivity of 10 mm is used based on the limited vertical mixing observed 
in stratified aquifers such as those in the 200 Areas (van der Kamp et al. 1994).  The other 
macrodispersivities are the same as those used in the site-wide model (Law et al. 1996). 

E.2.4 CONTAMINANT INVENTORY 

This section provides details on the basis for vadose zone contaminant inventory estimates and 
their distributions.  Also included are details on how various inventory distributions are 
implemented in the numerical model. 

E.2.4.1 Basis for Inventory Estimates 

B, BX, BY tank farms vadose zone inventory estimates for the three species (i.e., technetium-99, 
uranium-238, and nitrate) are primarily based on soil samples collected from borehole 
299-E33-45 located near tank BX-102 as reported in Khaleel et al. (2001).  The extent of 
contamination within the tank farm is based on the MACTEC-ERS spectral gamma plume maps 
(DOE-GJPO 1998). 

For the trench B-38 simulations, only uranium-238 and technetium-99 were included in the 
STOMP simulations, as nitrate was scaled from the non-sorbing technetium-99 results.  In 
contrast to the BX tank farm simulations, the trench B-38 simulations assumed no inventory was 
initially present in the subsurface.  Instead, these contaminants were simulated as discrete 
sources of unit inventory discharged to the trench at the beginning of the simulation in 1954.  
The results of these simulations were scaled to the trench B-38 inventory and the inventory of all 
the trenches. 
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Table E.7.  Transport Parameters for the Site-Wide Groundwater Model 

Parameter Estimate 

Longitudinal macrodispersivity, cm 3050 

Lateral macrodispersivity, cm 305 

Vertical macrodispersivity, mm 10 

Diffusion coefficient, cm2/s 2.5 × 10-5 

Cs-137 sorption coefficient, cm3/g 500 

Cs-137 decay coefficient, 1/yr 0.0231 

 
 

Table E.8.  Unit Dose Factors for Uranium-238 and Technetium-99 

Radionuclide Dose factor (a) 

Uranium-238 0.196 

Technetium-99 0.00107 
(a) Units are mrem per pCi/L of concentration in the groundwater. 

Source:  Rittmann (1999) 
 
E.2.4.2 Inventory Distributions 

Because of uncertainty with inventory estimates, two different distributions were considered in 
the BX tank farm.  The same mass inventory (i.e., total Ci or Kg) was maintained for each 
species, but it was placed in two different locations in the subsurface.  For the base case and its 
variants, the inventory profile was located east of tank BX-102 and extended to the east fence 
line.  Such a distribution is consistent with the MACTEC-ERS spectral gamma data 
(DOE-GJPO 1998).  In the alternate inventory scenario, the inventory profile was centered in the 
tank umbrella region between tanks BX-105 and BX-102.  For both inventory placements, the 
inventory distribution was assumed to be laterally uniform and extended over the same distance 
of 91.5 ft, which is the distance between tank BX-102 and the east fence line. 

Because the borehole concentrations for technetium-99 and nitrate were low relative to the total 
estimated leak inventory, these concentrations were scaled according to the method outlined in 
this section to maintain a plume extent similar to uranium-238.  Initial inventory distributions 
used in the STOMP numerical simulations were scaled concentrations.  However, the inventory 
distribution honors the concentration per gram of soil by depth reported in the modeling data 
package (Appendix D of Khaleel et al. 2001).  Thus, the data presented in this section represent 
the unscaled initial inventory distributions for both technetium-99 and nitrate. 

To determine the inventory profiles, concentrations measured at discrete depths were assigned to 
nodes in the computation domain corresponding to the midpoint of the sample interval.  Since 
the sampling intervals for technetium-99 and nitrate were larger than the distance between nodes 
in the computational domain, nodes that did not correspond to a sample depth were assigned 
interpolated values of concentration.  These concentrations were determined with a linear 
interpolation scheme, using the nearest measured concentrations above and below nodes not 



RPP-10098, Rev. 0 

AppE_1213 E-18 December 13, 2002 

corresponding to a measurement depth.  For example, the vertical distance between nodes in the 
computational node was 1.5 ft, whereas the largest distance between samples for technetium-99 
was 32.7 ft.  Instead of assigning zero concentrations to nodes falling within the 32.7 ft interval, 
these nodes were assigned interpolated values of concentration. 

By contrast, the sampling interval for uranium-238 was more frequent, and in many instances, 
smaller than the vertical distance between nodes (e.g., 0.5 ft).  Laboratory analyses reported 
several soil samples with uranium-238 concentrations below the minimum detection level.  
When this occurred, a zero concentration was assigned at the corresponding depth.  Thus, the 
uranium-238 profile differed from those of the technetium-99 and nitrate inventories in that it 
contained zero values of concentrations throughout its profile.  However, similar to the estimates 
for the technetium-99 and nitrate inventories, concentrations of uranium-238 were interpolated 
when the distance between nodes was smaller than the sampling interval. 

Figures E.5 through E.7 demonstrate how the reported inventories from the laboratory analyses 
translated to the computational grid for a one-dimensional slice through the domain.  The solid 
line in Figure E.5 traces the initial inventory in STOMP for species uranium-238.  The reported 
inventories are shown with a solid marker.  Several areas of the plot show that markers lie 
between the reported inventory symbols, indicating regions of interpolated concentrations.  By 
contrast, Figure E.5 shows areas where the reported inventory sampling intervals were smaller 
than the node spacing.  For example, concentrations were measured at 98.2 and 99.6 ft.  Because 
the elevation at the node was closer to 98.2 ft than 99.6 ft, the concentration assigned to this node 
corresponded to measurements at 98.2 ft (113.26 pCi/g), rather than 99.6 ft (211.59 pCi/g). 

Figure E.5.  Uranium-238 Concentration Profile for Initial Conditions in STOMP 
and the Corresponding Reported Inventory 
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Figure E.5 also demonstrates a correlation between reported uranium-238 concentrations that 
were less than the minimum detection level and the zero concentrations assigned to nodes in the 
STOMP computational domain.  This differs from the technetium-99 and nitrate concentration 
profiles in Figures E.6 and E.7, in which zero concentrations are only assigned to nodes at the 
endpoints of the plume.  Similar to the uranium-238 profile, areas of the plots for technetium-99 
and nitrate also illustrate interpolated concentration values.  These appear in regions where 
markers on the solid lines lie between the values indicated for the reported inventory. 

Figure E.6.  Technetium-99 Concentration Profile for Initial Conditions in STOMP 
and the Corresponding Reported Inventory 
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Figure E.7.  Nitrate Concentration Profile for Initial Conditions in STOMP 

and the Corresponding Reported Inventory 
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The solute concentrations for the three species were measured in terms of soil concentration 
(e.g., µg/g soil, pCi/g soil).  These concentrations were converted to aqueous-phase 
concentrations based on the soil bulk density (i.e., from grain density and porosity) and the initial 
saturation.  Initial saturations were determined using the steady-state saturation distribution 
simulated in STOMP for different recharge rates.  The aqueous concentrations are calculated as  

  
      
Cl  =  

Cs ρs 1− nT( )yl

sl nD
 (E.7) 

where: 

    Cl  = the aqueous-phase concentration 

  Cs  = the soil concentration 

  ρs  = the soil grain density 

  nT  = the total porosity 

    sl  = the aqueous-phase saturation 

  nD  = the diffusive porosity. 
 
The product of     sl  and   nD  represents the moisture content.  It was assumed that diffusive 
porosities were equal to the total porosities of the media.  In Equation E.7,     yl  represents the 
equilibrium fraction of solute in the aqueous phase, and is given by 

  
( )

D

s d T D

sy   
s 1 s

=
− +
l

l
l l

n
ρ K n n

  (E.8) 

where Kd is the partition coefficient.  Thus, for the non-sorbed technetium-99 and nitrate species, 
    yl  is equal to one because the first term in the denominator is equal to zero (i.e. Kd = 0).  By 
contrast, for uranium-238 (e.g. Kd = 0.6 mL/g),    yl  has a value between zero and one because it 
represents the fraction of the contaminant in the aqueous phase over the total amount in both the 
aqueous and sorbed phases. 

The effect of partitioning is shown in Figure E.8, which reports the uranium-238 inventory in 
concentration per liter for the aqueous phase.  This profile represents the initial concentration 
distribution for the base case scenario, where the value of the partition coefficient is 0.6 mL/g.  
Because these plots illustrate the effect of partitioning on the initial inventory distribution, the 
shape of the profile is identical to the uranium-238 total concentration presented in Figure E.5. 
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Figure E.8.  Aqueous Uranium-238 Concentration 
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The concentration profiles presented in Figures E.5 through E.7 represent the total inventories at 
each node for a one-dimensional column.  The total inventory (kg for nitrate and Ci for 
uranium-238 and technetium-99) for the tank farm is obtained by integrating the 
one-dimensional profiles over the area of the tank farm and the soil bulk density.  For 
technetium-99 and nitrate, however, the computed integrated mass did not compare well the 
estimated inventory for the two species from tank leaks (i.e., borehole concentrations are very 
low relative to the inventory estimate). 

To reconcile these differences in the borehole data and the estimated leak inventories, the 
borehole concentration data for technetium-99 and nitrate were scaled based on an inventory 
diameter of 92 ft (Figure E.9) that is based on the spectral gamma data.  Scaling factors were 
calculated and are shown in Table E.9.  These scaling factors are consistent with the estimated 
inventories (Table E.9) for the three species.  It should also be noted that the uranium-238 data 
from the borehole measurements were already scaled in the modeling data package by a factor of 
2 based on spectral gamma measurements in the BX drywells.  No additional scaling of the 
borehole concentration data for uranium-238 was performed. 

a) 
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Figure E.9.  Translation Geometry 
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Table E.9.  Calculated Plan View Areas of Different 2-Dimensional Plume Geometries for 

BX-108 to BX-102 Concentration Profiles and Inventory and Their Scale Factors 
Based on a Mean Inventory Diameter of 92 feet 

Solute 
Reported 

Leak 
Inventory 

Unscaled 
Inventory per 
Unit Area (ft2) 

(plan view) 

Unscaled 
Circular Plume 

Diameter 
(plan view) 

Cross-Section 
Concentration 
Scale Factors 

Scaled Circular 
Plume Diameter 

(plan view) 

Uranium-238 3.15 Ci 4.47E-04 Ci 92 ft 1 92 ft 

Technetium-99 4.37 Ci 3.96E-05 Ci 375 ft 16.66 92 ft 

Nitrate 13,100 kg 5.32E-01 kg 177 ft 3.66 92 ft 

 
The aquifer water flux is upscaled from the cross-section for use in calculating the average solute 
concentrations.  The cross-section water flux (per unit width) is multiplied by the fence line 
length to calculate the aquifer water flux for the tank farm.  The scaled solute flux is divided by 
the scaled water flux to yield the average aqueous solute concentration for each species.  This 
calculation is based on aqueous concentration scaling.  The average tank farm is calculated by: 

  
xsectline fence

xsecttf
xsecttf /WW

/IICC =   (E.9) 

where: 

Ctf = the average tank farm aqueous concentration (pCi/L or ug/L) 
Cxsect  = the cross-section aqueous concentration (pCi/L or ug/L) 
Itf  = the estimated total tank farm leak inventory (Ci or kg) 
Ixsect = the cross-section inventory (Ci or kg) 
Wfence line = the fence line width (ft or m) 
Wxsect = the cross-section width (ft or m). 
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The resulting concentration scale factors for the BX cross-section results are shown in 
Table E.10.  Because the cross-section concentrations were scaled to the same mean inventory 
diameter, the tank farm concentration scale factor is the same for all three solutes. 

Table E.10.  Concentration Scale Factors for the BX Tank Farm 
from BX-108 to BX-102 Cross-Section Concentrations 

Solute Tank Farm Concentration Scale Factor 

Uranium-238 0.122 

Technetium-99 0.122 

Nitrate 0.122 

 
Although unit inventories were assumed for the B trenches, the trench mass fluxes and 
concentrations were determined by the same method.  For the mass flux, the cross-section mass 
flux was multiplied by the inventory for each case.  Similarly, the trench cross-section 
concentrations were determined by multiplying the cross-section concentrations by the inventory 
of the case.  To calculate the average trench concentrations, the scaled mass fluxes were divided 
by the aquifer water flux at the trench fence line (650 ft long).  Note that for aquifer water flux 
scaling, the width (y-dimension) of the STOMP trench cross-section was 10 feet, whereas the 
width of the BX-108 to BX-102 cross-section was 1 foot.  The resulting concentration scale 
factors for the B trench cross-section are shown in Table E.11.  Inventories for the trench B-38 
and all eight trenches are summarized in Table E.12. 

Table E.11.  Concentration Scale Factors for B Trenches from Unit Inventory 
Cross-Section Concentrations 

Solute Unit Trench Trench B-38  All Trenches (8) 

Uranium-238 1.54 ×10-2 2.43 × 10-4 2.29 × 10-2 

Technetium-99 1.54 × 10-2 2.83 × 10-4 1.28 × 10-1 

Nitrate 1.54 × 10-2 2.03 × 103 2.97 × 104 

 
 

Table E.12.  Trench B-38 Case Inventory Summary 

 Uranium-238 
Ci 

Technetium-99 
Ci 

Nitrate 
kg 

Unit Inventory 1.0 1.0 1.0 

Trench B-38  1.58 × 10-2 1.84 × 10-2 1.32 × 105 

All B Trenches (8) 1.49 8.31 1.93 × 106 
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E.2.4.3 Inventory Distribution Maps 

Color-scaled images of the initial inventories are shown in Attachment E1 for tanks and 
Attachment E2 for trenches.  For the inventory east of tank BX-102, the initial inventory 
distributions are shown in Attachment E1 Figures E1.2(a) for aqueous phase uranium-238, 
E1.3(a) for technetium-99, and E1.4 (a) for nitrate.  For the alternate inventory distribution 
centered between tanks BX-105 and BX-102, the initial concentration distributions are shown in 
Figures E1.14 (a) for aqueous phase uranium-238, E1.15(a) for technetium-99, and E1.16(a) for 
nitrate.  For trench B-38, the inventory distributions, after one year of simulation, are shown in 
color-scaled images in Attachment E2 Figures E2.3(a), E2.4(a), E2.9(a), and E2.10(a).  The 
relationship between initial inventory distribution and simulation cases is shown in Table E.13. 

Table E.13.  Initial Inventory Distribution Schedule 

Simulation Case Inventory Distribution Attachment E1 and E2 Figures 
1. Base Case 
 (No Action Alternative) 

East of BX-102 to East Fence 
Line 

Figs. E1.2(a), E1.3(a), and E1.4(a) 

2. Interim Barrier East of BX-102 to East Fence 
Line 

Figs. E1.2(a), E1.3(a), and E1.4(a) 

3. Water Line Leak 
 (1 gpm for 20 yrs) 

East of BX-102 to East Fence 
Line 

Figs. E1.2(a), E1.3(a), and E1.4(a) 

4. Water Line Leak 
 (200,000 gal in 5 days) 

East of BX-102 to East Fence 
Line 

Figs. E1.2(a), E1.3(a), and E1.4(a) 

5. Alternate Inventory Distribution 
 and No Interim Barrier 

Centered between BX-102 and 
BX-102 

Figs. E1.14(a), E1.15(a), and E1.16(a) 

6. Alternate Inventory Distribution 
 and Interim Barrier 

Centered between BX-102 and 
BX-102 

Figs. E1.14(a), E1.15(a), and E1.16(a) 

7. Base Case (50 mm/yr) East of BX-102 to East Fence 
Line 

Figs. E1.2(a), E1.3(a), and E1.4(a) 

8. Base Case (30 mm/yr) East of BX-102 to East Fence 
Line 

Figs. E1.2(a), E1.3(a), and E1.4(a) 

9. Base Case (10 mm/yr) East of BX-102 to East Fence 
Line 

Figs. E1.2(a), E1.3(a), and E1.4(a) 

10. Base Case 
 [Kd(Uranium-238) = 0.1 mL/g] 

East of BX-102 to East Fence 
Line 

Figs. E1.28(a), E1.3(a) and E1.4(a) 

11. Base Case 
 [Kd(Uranium-238) = 1.0 mL/g] 

East of BX-102 to East Fence 
Line 

Figs. E1.29(a), E1.3(a) and E1.4(a) 

12. Trench (55.4 mm/yr) Unit Inventory  
(uranium-238 and 
technetium-99) 

Figs. E2.3(a) and E2.4(a) 

13. Trench (100 mm/yr) Unit Inventory 
(uranium-238 and 
technetium-99) 

Figs. E2.9(a) and E2.10(a) 

14. Trench (100 mm/yr) with 
 delayed closure barrier 

Unit Inventory 
(uranium-238 and 
technetium-99) 

Figs. E2.9(a) and E2.10(a) 
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E.3.0 NUMERICAL SIMULATION RESULTS 

All simulations reported herein were performed using the STOMP simulator (White and 
Oostrom 2000a, b).  Detailed discussion on the numerical implementation for STOMP and 
simulation results are presented in FY02 Initial Assessments for B-BX-BY Field Investigation 
Report (FIR): Numerical Simulations (Freedman et al. 2002).  Results presented in the following 
sections are essentially based on Freedman et al. (2002). 

In this section, the simulated peak aqueous concentration, time to peak concentration, and the 
maximum aqueous initial concentration values for various cases are summarized.  The maximum 
aqueous initial concentration values (based on the inventory estimates in Section E.2.4.3) are 
presented for comparison with the simulated peak aqueous concentration. 

Saturations and inventory profiles for the tank cross-section (tanks BX-108 to BX-102) are 
shown in Attachment E1, and their breakthrough curves for the various cases are presented in 
Attachment E3.  Saturations and inventory profiles for the B trench simulations are presented in 
Attachment E2, and their breakthrough curves in Attachment E4.  Results of translation of the 
breakthrough curves to the down-gradient boundaries via streamtube modeling are presented in 
Attachment E5.  Note that the tank cross-section is often labeled as BX-HH'.  The trench 
cross-section is often labeled as B-38. 

E.3.1 BASE CASE, NO ACTION ALTERNATIVE (CASE 1) 

The base case (case 1) simulation investigated solute transport through WMA B-BX-BY 
considering natural surface infiltration, with no water line leaks and no interim surface barriers, 
but with a closure barrier at year 2040.  The closure barrier degrades after 500 years.  (Table E.1 
shows recharge rates used in these simulations).  This simulation was initialized using a 
steady-flow solution defined by the upper surface recharge rate of 100 mm/yr and a specified 
flux in the unconfined aquifer.  Ambient flow in the saturated zone was from west to east.  For 
uranium-238, the value of the partition coefficient (Kd) was 0.6 ml/g, and was used to determine 
the partitioning between the solid (sorbed) and aqueous phases for uranium-238.  Inventories of 
the three species were initialized using a laterally uniform distribution pattern.  Plot-file output 
for this simulation were generated at years 2000, 2010, 2040, 2100, 2200, 2300, 2400, 2540, 
2600, 2800, and 3000 and include values for the saturation (i.e.,     θ/θs , where θ  is the moisture 
content and   θs  is the saturated moisture content), aqueous pressure head, moisture content, and 
concentrations for the three solute species.  The moisture field for these simulations remains 
unchanged from the initial steady-flow field until the year 2040, when the closure barrier 
becomes effective. 

The saturation field is dependent on the surface recharge, hydrologic parameters, soil 
distribution, and impermeable structures (e.g., single-shell tanks).  The saturation fields for the 
BX-108 to BX-102 cross-section with 100 mm/yr of meteoric recharge are shown in Figure E1.1, 
Attachment E1.  In Figure E1.1 (a), the initial saturation field shows the impacts of the tanks on 
the moisture content distribution in the subsurface.  For example, higher than ambient saturations 
occur above and between the tanks and lower than ambient saturations occur just below the 
tanks.  In 2040, a closure barrier was assumed to be active, which lowered the meteoric recharge 
from 100 mm/yr to 0.1 mm/yr.  In 2540, assuming some degradation in the closure barrier, the 
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meteoric recharge was increased to 3.5 mm/yr.  The final saturation field at 3000 years is shown 
in Figure E1.1(b).  Due to the reduction in surface recharge, the saturation field dried and the 
impact of the impermeable tanks on the saturation was reduced.  The regions directly beneath the 
tanks showed lower variability in saturation.  The variations in surface recharge had the greatest 
impact on saturations in the region between tanks within the backfill material and the soils 
immediately below the bottom level of the tanks.  The Plio-Pleistocene unit showed the least 
amount of change in saturation with the variation in surface recharge, and the water table level 
showed little variation with the rate of surface recharge. 

Color-scaled images of the initial and final solute concentrations for the three mobile species 
(uranium-238, technetium–99 and nitrate) are shown in Figures E1.2 through E1.4.  
A comparison of the inventory profiles for aqueous uranium-238 shows that the downward 
migration of uranium-238 in the subsurface is limited by sorption to the solid phase.  Peak 
concentrations differ by approximately 15% between the initial and final profiles, and are still 
confined within the vadose zone.  By contrast, the technetium-99 and nitrate inventory profiles 
show significant downward movement.  In both contaminant profiles, the initial vertical 
distributions show multiple peaks, whereas their final distributions show only a single peak.  
A comparison of peak concentrations and mass balances between initial and final time steps 
show a reduction of approximately 97% from their initial values for both technetium-99 and 
nitrate. 

Solute mass flux and aqueous concentration breakthrough curves are shown in Attachment E3 
for the three solute species (uranium-238, technetium-99, and nitrate).  Peak arrival times and 
peak aqueous concentrations at the first boundary (i.e., cross-section) are summarized in 
Table E.14.  Attachment E5, Tables E5.1 through E5.3 summarize the peak arrival times and 
peak aqueous concentrations for the BX tank farm east fence line boundary as well as for the two 
other boundaries (i.e., exclusion boundary and Columbia River) based on the results of the 
analytical aquifer streamtube mode.  See Section E.2.3 for description.  The mass flux results and 
aqueous concentration breakthrough curve results are discussed below for each species. 

For the base case, only a small portion (~ 0.2 %) of the uranium-238 inventory has migrated 
from the vadose zone by the end of the simulation at year 3000.  As shown in Attachment E3 
Figure E3.1(a), the cumulative uranium-238 inventory that has left the BX tank farm fence line is 
6.5 × 109 pCi, compared to an initial inventory of 3.15 × 1012 pCi.  Aqueous uranium-238 
concentrations are also very low (< 1pCi/L).  The initial arrival of low concentrations of 
uranium-238 at the tank farm boundary does not occur until year 2050 with the peak predicted 
concentration occurring about 50 years later.  The predicted uranium-238 concentrations remain 
relatively close to the peak concentration for the remainder of the simulation with a slight 
decreasing trend. 

Technetium-99 mass flux and aqueous concentration breakthrough curves are shown in 
Figure E3.2 in Appendix E3 for the base case.  Arrival of the technetium-99 at the BX tank farm 
fence line occurs shortly after the simulation start due to the location of the initial concentration 
profile in the vadose zone and simulated non-sorbing behavior of the solute.  Almost the entire 
technetium-99 inventory has migrated from the vadose zone at year 2200, with only residual 
amounts remaining afterwards.  The peak mass flux and concentrations also occurs shortly after 
the beginning of the simulation.  These breakthrough curves have a distinct trimodal shape of 
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approximately the same magnitude, which is caused by low concentration gap in the initial 
technetium-99 vadose zone distribution [Figure E1.3 (a)].  Note that the initial spike in the 
breakthrough curve occurs at year 2000 and is not easily discerned in Figure E3.2. 

Nitrate mass flux and aqueous concentration breakthrough curves are shown in Figure E3.3 for 
the base case.  Similar to the predicted technetium-99, the predicted nitrate also arrives quickly at 
the boundary from the start of the simulation and most of the mass has migrated from the vadose 
zone by the year 2200.  The nitrate breakthrough curves are also trimodal, but the last peak is 
only about 1/3 the size of the initial peak value.  This is also caused by the initial vertical 
distribution of nitrate in the vadose zone [Figure E1.4 (a)].  Similar to Figure E3.2, the initial 
spike in the breakthrough curve occurs at year 2000 and is not easily discerned in Figure E3.3. 

Table E.14.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 1 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2048 

Peak Concentration 6.65 × 103 pCi/L 

Maximum Initial Concentration (a) 1.92 × 105 pCi/L 

Uranium-238 

Arrival Time Year 2149 

Peak Concentration 0.85 µg/L 

Maximum. Initial Concentration 1.4 × 106 µg/L 

Nitrate 

Arrival Time Year 2012 

Peak Concentration 3.69 × 104 µg/L 

Maximum Initial Concentration 8.92 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.2 BARRIER ALTERNATIVE AND NO WATER LINE LEAKS (CASE 2) 

The barrier alternative and no water line leaks (case 2) simulation investigated solute transport 
through the BX tank farms considering natural surface infiltration, with no water line leaks and 
closure barrier at year 2040.  This simulation differs from the base case simulation in that an 
interim surface barrier was implemented between the years 2010 and 2040.  This simulation was 
initialized using a steady-flow solution defined by the upper surface recharge rate of 100 mm/yr 
and a specified flux in the unconfined aquifer.  Inventories of the three contaminant species were 
initialized using the laterally uniform distribution pattern as in the base case scenario.  Plot-file 
output for this simulation were generated for the same output times as the base case and include 
the same variables.  The initial moisture field for these simulations remained unchanged from the 
initial steady-flow until the year 2010, when the interim barrier becomes effective. 
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The steady-flow saturation field for the BX-108 to BX-102 tank cross-section with 100 mm/yr of 
meteoric recharge and interim barrier is shown in Figure E1.1.  In Attachment E1 Figure E1.5, 
the final saturation field shows that the interim barrier has a similar moisture content distribution 
[Figure E1.1(b)] as in the base case. 

The aqueous concentration distributions for all three contaminant species are shown in 
Figures E1.6 and E1.7.  Changes in the vertical migration are similar for all of the solutes.  
At year 3000, the vertical movement is approximately 10 feet smaller than shown by the 
inventory profiles of the base case scenario. 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 2 
in Figures E3.4 through E3.6 for uranium-238, technetium-99, and nitrate.  While the initial 
arrival of all of the solutes in case 2 are similar to the base case until about 2050, the reduced 
recharge from the interim barrier has a significant impact on the solute mass flux and aqueous 
concentrations after this time.  The cumulative mass of uranium-238 that has left the vadose zone 
is approximately one order of magnitude less than the base case by the end of the simulation 
(although the amount is very low in both cases).  The uranium-238 concentrations, while low in 
this case, show a continuous increase throughout the entire simulation period with the peak 
concentration occurring at the end. 

The peak arrival times and concentrations for technetium-99 and nitrate are earlier and lower in 
the interim barrier case relative to the base case.  This is due to the initial inventory distribution, 
which shows high concentrations of both technetium-99 and nitrate near the water table.  The 
barrier has little effect on the initial breakthrough because the contaminants have already 
migrated to the water table before the lower infiltration rates have become effective at that depth.  
For the inventory present in the upper part of the vadose zone, the interim barrier has a 
significant impact on contaminant transport.  While both the technetium-99 and nitrate 
breakthrough curves were distinctly trimodal in the base case, the reduced recharge caused by 
the interim barrier has eliminated the third, slightly higher peak. 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.15.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River).  It should noted that 
a cursory glace at Table E.16 may be deceptive in assessing the impact of the interim barrier on 
technetium-99 concentrations given the earlier arrival time and with a similar concentration 
compared to the base case (Table E.14).  Both simulations yield very similar results up to about 
year 2025.  Afterwards, the base case then has an additional, slightly higher technetium-99 peak 
at 2048.  The reduced recharge of the interim barrier case eliminated the last peak. 
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Table E.15.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 2 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2015 

Peak Concentration 6.58 × 103 pCi/L 

Maximum Initial Concentration (a) 1.92 × 105 pCi/L 

Uranium-238 

Arrival Time Year 2999 

Peak Concentration 9.96E-02 µg/L 

Maximum. Initial Concentration 1.4 × 106 µg/L 

Nitrate 

Arrival Time Year 2012 

Peak Concentration 3.69 × 104 µg/L 

Maximum Initial Concentration 8.92 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.3 NO INTERIM BARRIER AND WATER LINE LEAK OF 1 GPM FOR 

20 YEARS (CASE 3) 

The no barrier and water line leak (case 3) simulation investigated solute transport through the 
BX tank farm cross-section considering natural surface infiltration and a closure barrier at year 
2040.  This simulation differs from the base case simulation in that a water line leak occurs east 
of tank BX-102 at the level of the top surface of the tank.  The water line leak was modeled as a 
point source (1 gallon per minute over a 20 year period) spread over a 9.15-m (30-ft) diameter.  
This simulation was initialized using a steady-flow solution defined by the upper surface 
recharge rate of 100 mm/yr and a specified flux in the unconfined aquifer.  Inventories of the 
three species were initialized using the laterally uniform distribution pattern.  Plot-file output for 
these simulations were generated at years 2000, 2010, 2020, 2030, 2040, 2100, 2200, 2300, 
2400, 2540, 2600, 2800, and 3000, and include values for the saturation, aqueous pressure head, 
moisture content, and concentrations for the three solute species. 

Preliminary simulations showed that the water line leak caused a rapid migration of 
contaminants.  Hence, the domain for this simulation was extended 30.5 m (100 ft) (Figures E1.8 
through E1.10).  In this way, the contaminants were able to migrate laterally without coming into 
contact with the boundary. 

The flow environment following the leak event is shown in Figure E1.8 (a) at year 2020, and the 
final saturation distribution is shown in Figure E1.8 (b), year 3000.  After 20 years, 
Figure E1.8 (a) demonstrates a significantly higher saturation distribution relative to the base 
case.  The region to the east of tank BX-102 and the area beneath it, are nearly fully saturated.  
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An increase in saturation is also noted between the tanks, with larger areas of higher saturations 
relative to the base case.  This indicates that flow from the water line leak has also migrated to 
the drier areas beneath the tanks.  However, after 1000 years, Figure E1.8 (b) shows that despite 
the fact that the leaked water has descended into the domain, the final saturation distribution is 
similar to that of the base case shown in Figure E1.1 (b). 

Significant differences in the inventory profiles relative to the base case are noted in the 
color-scaled images of the final solute concentrations for uranium-238, technetium-99, and 
nitrate (Figures E1.9 and E1.10).  The most notable effect of the water line leak is in the location 
of all three contaminant species.  For example, Figure E1.9, shows that uranium-238 is 
concentrated near 122 m (400 ft), showing significantly more lateral movement relative to the 
base case.  Both technetium-99 and nitrate (Figure E1.10) show similar migration patterns, and 
have migrated even further than uranium-238. 

The transport of the mobile species in the upper region of the vadose zone out of the model 
domain is delayed because of the shift in the hydraulic gradient that pushes the plumes 
upgradient of the exit boundary.  For the mobile species located in the lower region of the vadose 
zone, their transport is accelerated relative to the base case due to increased saturations.  Because 
uranium-238 sorbs to subsurface materials, it is less affected by the shift in hydraulic gradient. 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.16.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 3 
in Figures E3.7 through E3.9 for uranium-238, technetium-99, and nitrate.  The large volume of 
water discharged in this simulation resulted in this case having the highest solute mass flux and 
concentrations than any of the other cases.  The peak concentrations were also much earlier, even 
for uranium-238.  Peak concentrations for uranium-238 were in excess of four orders of 
magnitude greater than for the base case and occurred earlier in the simulation.  Additionally, 
more than 85% of the uranium-238 inventory had migrated from the vadose zone at year 2030.  
For technetium-99, the peak concentrations were 20 times greater than for the base case and 
occurred within the first few years of the simulation.  Similarly for nitrate, peak concentrations 
occurred within a few years of the start of the simulation and were 14 times greater than for the 
base case. 
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Table E.16.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 3 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2002 

Peak Concentration 1.40 × 105 pCi/L 

Maximum Initial Concentration (a) 1.92 × 105 pCi/L 

Uranium-238 

Arrival Time Year 2008 

Peak Concentration 2.31 × 104 µg/L 

Maximum Initial Concentration 1.4 × 106 µg/L 

Nitrate 

Arrival Time Year 2002 

Peak Concentration 5.06 × 105 µg/L 

Maximum Initial Concentration 8.92 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.4 NO BARRIER AND WATER LINE LEAK OF 200,000 GALLONS OVER 

5 DAYS (CASE 4) 

The no barrier and water line leak (case 4) simulation investigated solute transport through the 
BX tank farm cross-section considering natural surface infiltration and a closure barrier at year 
2040.  Although a larger leak rate occurs in case 4 than in the case 3 water line leak scenario, the 
quantity of water entering the domain is higher in case 3 (1.05 × 107 gallons over a 20-year 
period) than in case 4 (2 ×105 gallons over a 5-day period).  Similar to case 3, the leak occurs 
east of tank BX-102, at the level of the top surface of the tank and extended over a 30-foot 
diameter.  This simulation was also initialized using a steady-flow solution defined by the upper 
surface recharge rate of 100 mm/yr and a specified flux in the unconfined aquifer.  Inventories of 
the three species were initialized using the laterally uniform distribution pattern.  Plot-file output 
for these simulations were generated at years 2000, 2000.01389, 2010, 2020, 2030, 2040, 2100, 
2200, 2300, 2400, 2540, 2600, 2800, and 3000, and include values for the saturation, aqueous 
pressure head, moisture content, and concentrations for the three solute species. 

The flow environment following the leak event is shown in Figure E1.11 (a) at year 2000 plus 
5 days, and the final saturation distribution is shown in Figure E1.11 (b) at year 3000.  After 
5 days of simulation, the region east of tank BX-102 is fully saturated, as well as the region 
above the leak and to the west.  This saturation distribution demonstrates that the release of a 
large volume of water in a short time period can cause ponding to occur, which corresponded to 
very high values of pressure head.  Although ponding may occur with a large water line leak, the 
lack of drainage permitted by the selected soil properties in this simulation may have caused an 
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inadequate migration of the excess leak water.  Because water ponded up against the upper 
boundary of the domain, it migrated in a westwardly direction above the tank domains.  Contrary 
to the 1 gpm leak case over a 20-year time period (case 3), a shift in hydraulic gradient did not 
occur in the region beneath the tank bottoms. 

After 1000 years of simulation, Figure E1.8 (b) and Figure E1.11 (b) show that the region 
beneath tank BX-102 and to the east the saturations are nearly identical to the final saturation 
distribution for the base case.  Although a large volume of water was input into the system, it 
occurred over a relatively short time period, and with time, drained from the system. 

The shape of the final concentration distributions for each of the contaminants shown in 
Figures E1.12, E1.13(a), and E1.13(b) is similar to those for the base case [Figures E1.2(b), 
E1.3(b), and E1.4(b)].  However, increase in saturations has caused a slightly accelerated 
transport out of the domain.  For example, in the year 3000, peak nitrate concentrations decrease 
by nearly 50%, whereas the peak technetium-99 concentrations decrease by 60%.  The leak 
water effect on uranium-238 is less notable because of its sorption to the sediments.  

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.17.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 4 
in Figures E3.10 through E3.12 for uranium-238, technetium-99, and nitrate.  The simulated 
pressure heads for water line leak scenarios were large due to the high water flux rate specified 
resulting in a complete saturation of the upper zone and an extensive lateral spreading.  While 
the peak concentrations for all three solutes are greater than those for the base case, they are still 
significantly smaller than the values predicted for the other water leak case (i.e., case 3). 

For uranium-238 in case 4, the peak concentrations are 3.5 times the base case, but the 
percentage of uranium-238 inventory that has migrated from the vadose zone is still very low 
(less than 0.5% of the initial specified value).  The technetium-99 and nitrate peaks are also 
trimodal, but for both solutes, the second peak is narrower and about 2.5 times higher than for 
the base case.  The final technetium-99 and nitrate peaks are about the same value as in the base 
case. 
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Table E.17.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 4 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2007 

Peak Concentration 1.67 × 104 pCi/L 

Maximum Initial Concentration (a) 1.92 × 105 pCi/L 

Uranium-238 

Arrival Time Year 2075 

Peak Concentration 2.99 µg/L 

Maximum. Initial Concentration 1.4 × 106 µg/L 

Nitrate 

Arrival Time Year 2006 

Peak Concentration 1.05 × 105 µg/L 

Maximum Initial Concentration 8.92 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.5 ALTERNATE INVENTORY DISTRIBUTION AND NO INTERIM BARRIER 

(CASE 5) 

The alternate inventory distribution and no barrier (case 5) simulation investigated solute 
transport through the BX tank farm considering natural surface infiltration, with no water line 
leaks, and a closure barrier at year 2040.  This simulation differs from the base case simulation in 
that the initial concentration distribution was shifted so that it was centered between tanks 
BX-105 and BX-102.  This simulation was initialized using a steady-flow solution defined by the 
upper surface recharge rate of 100 mm/yr and a specified flux in the unconfined aquifer.  
Plot-file output for these simulations were generated at years 2000, 2010, 2040, 2100, 2200, 
2300, 2400, 2540, 2600, 2800, and 3000, and include values for the saturation, aqueous pressure 
head, moisture content, and concentrations for the three solute species.  The moisture field for 
these simulations remains unchanged from the initial steady-flow field until the year 2040, when 
the closure barrier becomes effective. 

In general, the saturations immediately beneath the tanks are lower than the saturations in the 
region east of tank BX-102, whereas the saturations between the tanks are generally higher as 
shown in the initial saturation field in Figure E1.1 (a).  However, the depth of the saturation 
increases is limited, and thus has only a minor effect on the concentration profiles shown in 
Figures E1.14 through E1.16.  For all three contaminants, the shape of the contaminant plumes in 
the year 3000 differs from those of the base case due to the differences in the saturation 
distributions.  Peak concentrations also differ between the two cases due to dilution effects.  For 
uranium-238, the effect is most pronounced, whereas for technetium-99 and nitrate the impact is 
not as great because they are distributed at a greater depth in the subsurface. 
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Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.18.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 5 
in Figures E3.13 through E3.15 for uranium-238, technetium-99, and nitrate.  For case 5, the 
uranium-238 peak concentration was approximately half of the base case and the initial arrival 
time was similar.  Peak concentrations for technetium-99 and nitrate were about 10% lower than 
for the base case with similar shapes and arrival times.  The technetium-99 and nitrate pulses had 
slightly longer tailing. 

Based solely on distance to various boundaries, it was expected that the arrival times for all three 
contaminants would be longer than those of the base case.  However, the areas beneath the tank 
farm in the alternate concentration profile and the base case profile differ in their initial 
saturation distribution.  As shown in Figure E1.1(a), saturations are higher between tanks 
BX-105 and BX-102 than the area east of tank BX-102.  This causes greater mobility of the 
contaminants and a similarity in the initial breakthrough times relative to the base case.  Because 
of shadowing beneath the tanks, the saturations are lower in these regions, which decreases 
contaminant mobility.  Thus, tailing is longer for the mobile species relative to the base case. 

 
Table E.18.  Peak Concentrations and Arrival Times 

at the First Boundary for Case 5 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2017 

Peak Concentration 5.79 × 103 pCi/L 

Maximum Initial Concentration (a) 2.209 × 105 pCi/L 

Uranium-238 

Arrival Time Year 2284 

Peak Concentration 0.422 µg/L 

Maximum. Initial Concentration 1.42 × 106 µg/L 

Nitrate 

Arrival Time Year 2000 

Peak Concentration 3.46 × 104 µg/L 

Maximum Initial Concentration 9.33 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
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E.3.6 ALTERNATE INVENTORY DISTRIBUTION WITH INTERIM BARRIER 
(CASE 6) 

The alternate inventory distribution and barrier (case 6) simulation investigated solute transport 
through the BX tank farms considering natural surface infiltration, an interim barrier, with no 
water line leaks, and a closure barrier at year 2040.  This simulation differs from the base case 
simulation in that an interim surface barrier was implemented between the years 2010 and 2400, 
and a shifted distribution was used for the initial inventory.  Similar to case 5, the alternate 
inventory distribution shifted the initial inventory of the base case so that it was centered 
between tanks BX-105 and BX-102.  This simulation was initialized using a steady-flow solution 
defined by the upper surface recharge rate of 100 mm/yr and a specified flux in the unconfined 
aquifer.  Plot-file output for this simulation were generated at years 2000, 2010, 2040, 2100, 
2300, 2400, 2540, 2600, 2800, and 3000, and include values for the saturation, aqueous pressure 
head, moisture content, concentrations for the three solute species.  The moisture field for these 
simulations remains unchanged from the initial steady-flow field until the year 2010, when the 
interim barrier becomes effective. 

The steady-flow saturation field for the BX-108 to BX-102 cross-section with 100 mm/yr of 
meteoric recharge and interim barrier is the same as case 2 and is shown in Figure E1.6.  As 
previously discussed, the final saturation field in Figure E1.6 shows the saturation distribution is 
similar to that for the base case.  For all three contaminants, shown in Figures E1.17 and E1.18, 
the concentrations are higher than in case 5 (alternate inventory, no interim barrier).  For 
example, peak aqueous concentration for uranium-238 is increased by 12% relative to that for 
case 5, whereas a two-fold increase in peak concentration occurs for nitrate, and a greater than 
three-fold increase for technetium-99.  These differences in peaks occur because the interim 
barrier has caused a reduction in the water flux through the vadose zone.  Contrary to case 2 
results, the depth at which the mobile species are present at year 3000 is similar to the case with 
no interim barriers.  For relatively immobile phases, however, there is a delay in the vertical 
migration of sorbed uranium-238 (Figure E1.17) by approximately 10 feet. 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.19.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 6 
in Figures E3.17 through E3.18 for uranium-238, technetium-99, and nitrate.  For case 6, the 
uranium-238 peak concentration and mass flux were more than an order of magnitude lower than 
for the base case.  Technetium-99 and nitrate peak concentrations were about 10% less than for 
the base case.  The third peaks noticeable in the base case were not present for the mobile solutes 
and the second pulse had longer tailing.  The remaining inventory at the end of the simulation 
was about 10% of the initial inventory for technetium-99, and about 15% for nitrate. 

Similar to case 2, the interim barrier has little affect on the initial breakthrough because the 
contaminants have already entered the water table before the reduced recharge rate has impacted 
their transport.  While the initial arrival times and shapes of the breakthrough curves for the 
solutes for case 6 were similar to case 2, the predicted concentrations were lower.  This occurs 
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because the higher saturations between tanks BX-105 and BX-102 dilute the contaminant 
concentrations more than in the area east of tank BX-102.  Concentrations were about 10% lower 
than in case 2 for technetium-99 and nitrate, and approximately 33% lower for uranium-238. 

Table E.19.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 6 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2017 

Peak Concentration 5.78 × 103 pCi/L 

Maximum Initial Concentration (a) 1.42 × 106 pCi/L 

Uranium-238 

Arrival Time Year 2999 

Peak Concentration 0.06 µg/L 

Maximum Initial Concentration 1.089 × 105 µg/L 

Nitrate 

Arrival Time Year 2000 

Peak Concentration 2.46 × 104 µg/L 

Maximum Initial Concentration 9.62 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.7 BASE CASE WITH 50 MM/YR METEORIC RECHARGE (CASE 7) 

The base case with 50 mm/yr meteoric recharge simulation investigated solute transport through 
the BX cross-section considering natural surface infiltration, with no water line leaks and no 
interim surface barriers, but with a closure barrier at year 2040.  This simulation, along with 
cases 1, 8, and 9, form a sensitivity study on the effect of the initial meteoric recharge rate on the 
migration of solutes to various boundaries.  The simulation in this case was initialized using a 
steady-flow solution defined by the upper surface recharge rate of 50 mm/yr and a specified flux 
in the unconfined aquifer.  Inventories of the three species were initialized using the same 
laterally uniform distribution pattern as in the base case.  Plot-file output for these simulations 
were generated at years 2000, 2010, 2040, 2100, 2300, 2400, 2540, 2600, 2800, and 3000, and 
include values for the saturation, aqueous pressure head, moisture content, and concentrations for 
the three solute species.  The moisture field for these simulations remains unchanged from the 
initial steady-flow field until the year 2040, when the closure barrier becomes effective. 

The steady-flow saturation field for the BX-108 to BX-102 cross-section with 50 mm/yr of 
meteoric recharge is shown in Figure E1.19(a).  The saturation field shows a significant variation 
from that of the 100 mm/yr meteoric recharge case [Figure E1.1 (a)].  The most notable impact is 
in the region beneath the tanks, in the H1 gravelly sand, where on average, the saturations are 
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5 to 10% lower than in the base case.  There is also a reduction in saturation in the H2 sand unit 
just beneath the tanks, although to a lesser extent.  The saturation distribution shown in 
Figure E1.19(b) after 1000 years is similar to the base case (Figure E1.1 (b)). 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.20.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Changes in the peak initial concentrations (Table E.20) are a result of the lower initial moisture 
content.  Significant changes in the final peak concentrations are apparent in Figures E1.20 and 
E1.21.  The peak technetium-99 and nitrate concentrations were increased four fold and two fold, 
respectively, whereas uranium-238 peak solute concentrations increased by 8%.  The 
corresponding change in the total uranium-238 peak concentration profile was 13%, because 
when lower saturations occur in the subsurface, the greater the partitioning onto the sorbed 
phase, which retards even further the vertical migration of the uranium-238 plume. 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 7 
in Figures E3.19 through E3.21 for uranium-238, technetium-99, and nitrate.  Peak 
concentrations and mass fluxes for uranium-238 are approximately an order of magnitude lower 
than for the base case due to the reduced recharge rate.  The initial arrival of uranium-238 also 
occurred at a slightly later time.  The predicted peak concentrations for the cross-section and 
fence line average concentrations for technetium-99 and nitrate (Tables E5.2 and E5.3, 
Attachment E5) occur during the first year of the simulation.  This is due to the initial inventory 
distribution, which contained high concentrations of both technetium-99 and nitrate in the vadose 
zone and near the water table.  These values are only about 10% less than the peak 
concentrations reported for the base case, and corresponded to the initial spike at year 2000 in 
the breakthrough curves. 

A comparison of the breakthrough curves for this simulation with the base case shows that 
reducing the recharge rate has a significant impact on the last peak of the curves but little effect 
on the first peak.  For example, in the base case, the first peak that occurs in year 2000 is lower 
than the two subsequent peaks.  In case 7, however, the peak concentrations for technetium-99 
and nitrate are significantly reduced (by approximately half of the value of the base case) after 
the initial peak value occurs in year 2000.  Although the breakthrough curve for the nitrate base 
case was trimodal, the third peak for nitrate is absent in this simulation.  Because the effect of the 
reduced recharge rate is only seen at later times due to the initial contaminant distribution in the 
vadose zone, only the second peaks of the breakthrough curves are reported in Attachment E5 
Tables E5.2 and E5.3 so that the effect of reduced meteoric recharge can be made.  For both 
technetium-99 and nitrate, a greater inventory remained within the domain at the end of the 
simulation (< 10% for technetium-99 and 5% for nitrate). 
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Table E.20.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 7 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2028 

Peak Concentration 3.59 × 103 pCi/L 

Maximum Initial Concentration (a) 2.11 × 106 pCi/L 

Uranium-238 

Arrival Time Year 2999 

Peak Concentration 0.11 µg/L 

Maximum Initial Concentration 1.49 × 106 µg/L 

Nitrate 

Arrival Time Year 2023 

Peak Concentration 2.01 × 104 µg/L 

Maximum Initial Concentration 8.92 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.8 BASE CASE WITH 30 MM/YR METEORIC RECHARGE (CASE 8) 

The base case with 30 mm/yr meteoric recharge simulation investigated solute transport through 
the BX tank cross-section considering natural surface infiltration, with no water line leaks and no 
interim surface barriers, but with a closure barrier at year 2040.  These simulations, along with 
those from cases 1, 7, and 9, form a sensitivity study on the effect of meteoric recharge on the 
migration of solutes to various boundaries.  The simulations in this case were initialized using a 
steady-flow solution defined by the upper surface recharge rate of 30 mm/yr and a specified flux 
in the unconfined aquifer.  Inventories of the three species were initialized using the laterally 
uniform distribution pattern from the base case scenario.  Plot-file output for these simulations 
were generated at years 2000, 2010, 2040, 2100, 2300, 2400, 2540, 2600, 2800, and 3000, and 
include values for the saturation, aqueous pressure head, moisture content, and concentrations for 
the three solute species.  The moisture field for these simulations remains unchanged from the 
initial steady-flow field until the year 2040, when the closure barrier becomes effective. 

The steady-flow saturation field for the BX-108 to BX-102 cross-section with 30 mm/yr of 
meteoric recharge is shown in Figure E1.22 (a).  Again, the saturation field shows a significant 
variation from that of the 100 mm/yr meteoric recharge case [Figure E1.1 (a)].  Most notable is 
the overall reduction in saturation and the increase in shadowing beneath the tanks.  Lowering 
the initial meteoric recharge to 30 mm/yr resulted in a continuation of the trend established in 
lowering the recharge from 100 to 50 mm/yr.  For example, peak initial concentrations 
(Tables E.16 and E.17) show that a decrease in saturation increases the initial aqueous 
concentrations.  As expected, the plume movement is retarded with respect to the 100 mm/yr and 
50 mm/yr recharge cases. 
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Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E. 21.  Attachment E5 Tables E5.1 through E5.3 summarize the peak 
arrival times and peak aqueous concentrations for the BX tank farm east fence line boundary as 
well as for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 8 
in Figures E3.22 through E3.24 for uranium-238, technetium-99, and nitrate.  Peak 
concentrations and mass fluxes for uranium-238 are approximately 1.5 orders of magnitude 
lower than the base case due to the reduced recharge rate.  The initial arrival of uranium-238 was 
slightly later with the peak concentration occurring at the end of the simulation.  The estimated 
peak cross-section and fence line average concentrations for technetium-99 and nitrate 
(Tables E5.2 and E5.3) occur during the first year of the simulation.  This is due to the initial 
inventory distribution, which contained high concentrations of both technetium-99 and nitrate in 
the vadose zone near the water table.  These values are only about 10% less than the peak 
concentrations reported for the base case, and correspond to the initial spike at year 2000 in the 
breakthrough curves. 

A comparison of the breakthrough curves for this simulation with the base case shows that 
reducing the recharge rate even further has a significant impact on the last peak of the curves.  
Similar to the other reduced recharge cases, the peak concentrations for technetium-99 and 
nitrate are significantly reduced after the initial peak value occurs in year 2000.  For example, 
these pulses occur later and are of a longer duration.  Peak concentrations for technetium-99 and 
nitrate were about one third of their initial values and arrived much later than the base case.  
Whereas a 50% reduction in recharge was sufficient to eliminate the last peak for only nitrate in 
case 7, the 70% reduction in recharge in this simulation also eliminated the final peak for 
technetium-99.  Because the effect of the reduced recharge rate is only seen at later times due to 
the initial contaminant distribution in the vadose zone, only the second peaks of the breakthrough 
curves are reported in Attachment E5 Tables E5.2 and E5.3 so that the effect of reduced meteoric 
recharge can be seen.  For both solutes, these later pulses were more spread out in time, and a 
substantial quantity of technetium-99 and nitrate inventory remained at the end of the simulation 
(18% for technetium-99 and 15% for nitrate). 
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Table E.21.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 8 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2043 

Peak Concentration 2.27 × 103 pCi/L 

Maximum Initial Concentration (a) 2.24 × 106 pCi/L 

Uranium-238 

Arrival Time Year 2999 

Peak Concentration 0.025 µg/L 

Maximum Initial Concentration 1.54 × 106 µg/L 

Nitrate 

Arrival Time Year 2036 

Peak Concentration 1.26 × 104 µg/L 

Maximum Initial Concentration 1.02 × 107 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.9 BASE CASE WITH 10 MM/YR METEORIC RECHARGE (CASE 9) 

The base case with 10 mm/yr meteoric recharge simulation investigated solute transport through 
the BX-108 to BX-102 tank cross-section considering natural surface infiltration, with no water 
line leaks and no interim surface barriers, but with a closure barrier at year 2040.  This 
simulation, in conjunction with cases 1, 7, and 8, form a sensitivity study on the effect of 
meteoric recharge on the migration of solutes to various boundaries.  The simulations in this case 
were initialized using a steady-flow solution defined by the upper surface recharge rate of 
10 mm/yr and a specified flux in the unconfined aquifer.  Inventories of the three species were 
initialized using the same laterally uniform distribution pattern used in the base case.  Plot-file 
output for these simulations were generated at years 2000, 2010, 2040, 2100, 2300, 2400, 2540, 
2600, 2800, and 3000, and include values for the saturation, aqueous pressure head, moisture 
content, and concentrations for the three solute species.  The moisture field for these simulations 
remains unchanged from the initial steady-flow field until the year 2040, when the closure 
barrier becomes effective. 

The steady-flow saturation field for the BX cross-section with 10 mm/yr of meteoric recharge is 
shown in Figure E1.25 (a).  Compared to the steady-flow saturation fields for 100, 50, and 
30 mm/yr [Figures E1.1 (a), E1.19 (a), and E1.22 (a)], the saturation field at 10 mm/yr shows 
only a small amount of shadowing from the tanks and only a slight moisture increase between 
the tanks.  As in the other reduced recharge cases, the saturation distribution at 3000 years 
[Figure E1.25 (b)] is similar to that for the base case. 
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Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.22.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Peak inventory concentrations in Tables E.20 and E.21 show that a decrease in saturation 
increases aqueous concentrations.  However, for case 9, contrary to the other reduced recharge 
cases, the plumes are more elongated and the delay in vertical movement more pronounced even 
for the mobile contaminants.  For the sorbed uranium-238, the vertical migration of the plume is 
delayed even more than in the other reduced recharge cases. 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 9 
in Figures E3.25 through E3.27 for uranium-238, technetium-99, and nitrate.  For this very low 
initial recharge case, the predicted uranium-238 mass flux and concentrations were more than 
three orders of magnitude lower than for the base case.  Initial uranium-238 arrivals were much 
later than for the base case and the peak concentration occurred toward the end of the simulation.  
This is due to the initial inventory distribution, which contained high concentrations of both 
technetium-99 and nitrate in the vadose zone near the water table.  These values are only about 
10% less than the peak concentrations reported for the base case, and corresponded to the initial 
spike at year 2000 in the breakthrough curves. 

Similar to the other reduced recharge cases, the peak concentrations for technetium-99 and 
nitrate are significantly reduced after the initial peak value occurs in year 2000.  A comparison of 
the breakthrough curves for this simulation with the base case and the other reduced recharge 
cases (cases 7 and 8) shows that arrival times are delayed and longer tailing results with a further 
reduction in recharge.  Excluding the initial spike of contaminant that occurs due to the high 
concentration zone near the water table, the peak concentrations of technetium-99 and nitrate 
were about 10% of the values for the base case.  Because the effect of the reduced recharge rate 
is only seen at later times due to the initial contaminant distribution in the vadose zone, only the 
second peaks of the breakthrough curves are reported in Attachment E5 Tables E5.2 and E5.3 so 
that the effect of reduced meteoric recharge can be seen.  A substantial quantity of technetium-99 
and nitrate inventory also remained in the vadose zone at the end of the simulation (50% for 
technetium-99 and 30% for nitrate). 
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Table E.22.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 9 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2109 

Peak Concentration 8.33 × 102 pCi/L 

Maximum Initial Concentration (a) 2.52 × 106 pCi/L 

Uranium-238 

Arrival Time Year 2999 

Peak Concentration 3.72 × 10-4 µg/L 

Maximum Initial Concentration 1.61 × 106 µg/L 

Nitrate 

Arrival Time Year 2091 

Peak Concentration 4.65 × 103 µg/L 

Maximum Initial Concentration 1.16 × 107 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.10 BASE CASE WITH Kd = 0.1 mL/g FOR URANIUM-238 (CASE 10) 

The base case with a Kd = 0.6 ml/g for uranium-238 investigated solute transport through the 
BX-108 to BX-102 tank cross-section considering natural surface infiltration, with no water line 
leaks and no interim surface barriers, but with a closure barrier at year 2040.  This simulation, in 
conjunction with cases 1 and 11, form a sensitivity study on the effect of the magnitude of the 
partitioning coefficient on the migration of uranium-238 to various boundaries.  The simulations 
in this case were initialized using a steady-flow solution defined by the upper surface recharge 
rate of 100 mm/yr and a specified flux in the unconfined aquifer.  Inventories of the three species 
were initialized using the same laterally uniform distribution pattern used in the base case.  
Plot-file output for these simulations were generated at years 2000, 2010, 2040, 2100, 2300, 
2400, 2540, 2600, 2800, and 3000, and include values for the saturation, aqueous pressure head, 
moisture content, and concentrations for the three solute species.  The moisture field for these 
simulations remains unchanged from the initial steady-flow field until the year 2040, when the 
closure barrier becomes effective. 

Color-scaled images of the initial and final aqueous concentrations for uranium-238 are shown in 
Figure E1.28.  As expected, a comparison of the inventory profiles shows that when the Kd value 
is reduced from 0.6 to 0.1 ml/g, the downward migration of uranium-238 in the subsurface is 
accelerated.  Initial aqueous phase uranium-238 concentrations are higher than those in the base 
case.  With less uranium-238 present in the sorbed phase, the aqueous concentrations of 
uranium-238 increase.  For example, peak aqueous phase uranium-238 concentrations differ by 
approximately 200% relative to the base case.  The increased mobility of uranium-238 with a 
lower Kd results in uranium-238 exiting the modeled domain at a faster rate. 



RPP-10098, Rev. 0 

AppE_1213 E-43 December 13, 2002 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.23.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 10 
in Figure E3.28 for uranium-238.  The lower Kd value for uranium-238 in case 10 results in 
much more uranium-238 migrating from the vadose zone to the aquifer.  While the initial arrival 
of uranium-238 occurs at about the same time as in the base case, the magnitude of the mass flux 
and peak concentrations are about 650 times greater in case 10 due to the increased mobility.  
The predicted breakthrough curves for uranium-238 show a single peak with very long tailing up 
to the end of the simulation.  While there is still a substantial amount of uranium-238 inventory 
in the vadose zone at the end of the simulation, the simulation predicted that about one-third of 
the inventory has migrated into the aquifer based on the cumulative mass flux.  For both 
technetium-99 and nitrate, the breakthrough curves were identical to the base case, which is the 
expected result. 

Table E.23.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 10 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2048 

Peak Concentration 6.65 × 103 pCi/L 

Maximum Initial Concentration (a) 1.92 × 105 pCi/L 

Uranium-238 

Arrival Time Year 2063 

Peak Concentration 544 µg/L 

Maximum Initial Concentration 1.42 × 106 µg/L 

Nitrate 

Arrival Time Year 2012 

Peak Concentration 3.69 × 104 µg/L 

Maximum Initial Concentration 8.92 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
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E.3.11 BASE CASE WITH Kd = 1.0 ML/G FOR URANIUM-238 (CASE 11) 

The base case with a Kd = 0.6 ml/g for uranium-238 investigated solute transport through the 
BX-108 to BX-102 tank cross-section considering natural surface infiltration, with no water line 
leaks and no interim surface barriers, but with a closure barrier at year 2040.  This simulation, in 
conjunction with cases 1 and 10, form a sensitivity study on the effect of the magnitude of the 
partitioning coefficient on the migration of uranium-238 to various boundaries.  The simulations 
in this case were initialized using a steady-flow solution defined by the upper surface recharge 
rate of 100 mm/yr and a specified flux in the unconfined aquifer.  Inventories of the three species 
were initialized using the same laterally uniform distribution pattern used in the base case.  
Plot-file output for these simulations were generated at years 2000, 2010, 2040, 2100, 2300, 
2400, 2540, 2600, 2800, and 3000, and include values for the saturation, aqueous pressure head, 
moisture content, and concentrations for the three solute species.  The moisture field for these 
simulations remains unchanged from the initial steady-flow field until the year 2040, when the 
closure barrier becomes effective. 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.24.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Color-scaled images of the initial and final aqueous concentrations for uranium-238 are shown in 
Figure E1.29.  Again as expected, a comparison of the inventory profiles for uranium-238 shows 
that when the Kd value is increased from 0.6 to 1.0 ml/g, the downward migration of 
uranium-238 in the subsurface is retarded.  Initial peak aqueous concentrations are lower than in 
the base case due to a greater partitioning.  As expected, peak concentrations of uranium-238 are 
much lower (Table E.20) than for the base case (Table E.10) due to the slower rate of migration. 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 11 
in Figure E3.29 for uranium-238.  The larger Kd for uranium-238 significantly reduces the 
amount of uranium-238 migrating from the vadose zone to the aquifer.  The initial arrival time of 
uranium-238 is about the same as in the base case and the concentration increases throughout the 
simulation.  Peak uranium-238 concentrations (Table E.20) are about one-half the peak 
concentrations predicted for the base case (Table E.10) and occur at the end of the simulation.  
For both technetium-99 and nitrate, the breakthrough curves were identical to those for the base 
case, as expected. 
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Table E.24.  Peak Concentrations and Arrival Times at the First 

Boundary for Case 11 

Parameter BX-HH’ 

Technetium-99 

Arrival Time Year 2048 

Peak Concentration 6.65 × 103 pCi/L 

Maximum Initial Concentration (a) 1.92 × 105 pCi/L 

Uranium-238 

Arrival Time Year 2999 

Peak Concentration 0.044 µg/L 

Maximum Initial Concentration 9.38 × 105 µg/L 

Nitrate 

Arrival Time Year 2012 

Peak Concentration 3.69 × 104 µg/L 

Maximum Initial Concentration 8.92 × 106 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.12 TRENCH B-38 WITH 55.4 MM/YR METEORIC RECHARGE (CASE 12) 

The trench B-38 simulation investigated solute transport through a cross-section west of tank 
BX-111, considering natural infiltration only at 55.4 mm/yr, no interim barrier, and a closure 
barrier by 2010.  A 378,000-gal discharge containing a unit inventory distribution for 
uranium-238 and technetium-99 occurred over the entire width of the trench in 1954.  This 
simulation, in conjunction with case 12, form a sensitivity study on the effect of meteoric 
recharge on the migration of solutes to the trench fence line.  This simulation was initialized 
using a steady-flow solution defined by the upper surface recharge rate of 55.4 mm/yr and a 
specified flux in the unconfined aquifer.  Ambient flow in the saturated zone was from west to 
east in the domain.  The value of the partition coefficient (Kd) was 0.6 ml/g, and was used to 
determine the partitioning between the solid (sorbed) and aqueous phases for uranium-238.  
Plot-file output for these simulations were generated at years 1954, 1955, 2000, 2010, 2110, 
2210, 2310, 2410, 2510, 2700, and 3000 and include values for the saturation, aqueous pressure, 
moisture content, and concentrations for the three solute species. 

The saturation field is dependent on the surface recharge, hydrologic parameters, and soil 
distribution.  The steady-flow saturation field in 1954 for the trench B-38 cross-section with 
55.4 mm/yr of meteoric recharge is shown in Figure E2.1, Attachment E2.  In Figure E2.1, the 
initial saturation field shows the impacts of the trench structure on the moisture content 
distribution in the subsurface, as lower than ambient saturations occur at the corners of the 
trench.  In the year 2010, a closure barrier was assumed to be active, which lowered the meteoric 
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recharge from 100 mm/yr to 0.1 mm/yr.  In 2510, assuming some degradation in the closure 
barrier, the meteoric recharge was increased to 3.5 mm/yr. 

The saturation field in year 1955 is shown in Figure E2.2 (a), one year after the 378,000-gal 
discharge into the trench.  Flow from the discharge has migrated nearly 150 feet into the 
subsurface, as noted by the elevated saturations (> 0.80) in the region beneath the trench.  This 
saturation field contrasts sharply with the final saturation field at year 3000 shown in 
Figure E2.2 (b).  Due to the drainage of the initial discharge, and the reduction in surface 
recharge caused by the closure barrier, the saturation field has dried.  The region directly beneath 
the trench shows lower variability in saturation. 

Color-scaled images of the initial and final solute concentrations for the two species 
(uranium-238 and technetium–99) are shown in Figures E2.3 through E2.6.  The aqueous 
concentration distribution for uranium-238 (Figure E2.3) show that the vertical migration of 
uranium-238 is limited significantly by both sorption to the subsurface materials, as well as the 
closure barrier in 2010.  In fact, the majority of the uranium-238 plume is concentrated in the 
H2 sand and backfill units, and none of the uranium-238 has exited the domain.  By contrast, the 
technetium-99 concentration profiles in Figures E2.4 through E2.6 show that technetium-99 does 
enter the ground water and migrate from the domain.  However, the closure barrier has had a 
profound effect on technetium-99 migration.  As noted in Figure E2.4, the technetium-99 plume 
is largely concentrated in the H1 gravelly sand unit, and has quickly migrated through the 
H2 sand unit immediately beneath the trench.  With the closure barrier becoming effective in 
year 2010, Figure E2.5 shows that the technetium-99 transport has been considerably delayed, 
even at year 2210.  At year 3000, much of the technetium-99 is still present in the vadose zone 
(Figure E2.6). 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.25.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 12 
in Figures E4.1 and E4.2 for technetium-99 and nitrate.  Since this simulation did not predict any 
uranium-238 migration from the vadose zone for the time period that was simulated, the mass 
flux and concentration figures for uranium-238 were omitted.  For technetium-99 and nitrate, 
scaled results using the inventories for trench B-38 are shown in Figures E4.3 and E4.4 and 
scaled results using the inventories for all eight trenches are shown in Figures E4.5 and E4.6. 

As noted in Section E2.4, both technetium-99 and nitrate results were scaled from the unit 
inventory release of a non-sorbing solute.  Therefore, the breakthrough curves and relative 
results for technetium-99 and nitrate are identical.  The technetium 99 and nitrate mass flux and 
concentration breakthrough curves have single peaks at year 2050 and long tails that extend the 
duration of the simulation (year 3000).  The simulation predicted about 40% of the inventory 
migrated from the vadose zone by the end of the time period. 
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Table E.25.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 12 

Parameter Trench B-38 

Technetium-99 

Arrival Time Year 2036 

Peak Concentration 24.1 pCi/L 

Maximum Initial Concentration (a) 5.074 × 106 pCi/L 

Uranium-238 

Arrival Time — 

Peak Concentration — 

Maximum Initial Concentration 1.089 × 105 µg/L 

Nitrate 

Arrival Time Year 2036 

Peak Concentration 1.73 × 105 µg/L 

Maximum Initial Concentration 3.616 × 107 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.13 TRENCH B-38 WITH 100.0 MM/YR METEORIC RECHARGE (CASE 13) 

The second trench B-38 simulation investigated solute transport through a cross-section west of 
tank BX-111, considering natural infiltration only at 100 mm/yr and no interim barrier, and a 
closure barrier in 2010.  Like the previous trench simulation (case 12), a 378,000-gal leak 
containing a unit inventory distribution for uranium-238 and technetium-99 occurred over the 
entire width of the trench in 1954.  With the exception of the recharge, all other conditions were 
the same as in case 12.  Plot-file output for this simulation were generated at years 1954, 1955, 
2000, 2010, 2110, 2210, 2310, 2410, 2510, 2700, and 3000 and include values for the saturation, 
aqueous pressure head, moisture content, and concentrations for the three solute species.   

The steady-flow saturation field in 1954 for the trench B-38 cross-section with 100 mm/yr of 
meteoric recharge is shown in Figure E2.7, Attachment E2.  Relative to case 12 (55.4 mm/yr 
meteoric recharge), the increase in meteoric recharge has caused an increase in saturations within 
all of the geologic units, though there are no significant differences in the water table elevation.  
Saturations are significantly higher so that the impact of the trench on the moisture content is not 
noticeable in the saturation distribution.  Similar to case 12, the 378,000-gal release in 1954 had 
a significant impact on the saturation distribution [Figure E2.8 (a), year 1955] by increasing the 
saturations beneath the trench to greater than 80%.  Like case 12, this saturation field contrasts 
sharply with the final saturation field at year 3000 shown in Figure E2.8 (b).  Due to the drainage 
of the initial discharge and the reduction in surface recharge caused by the closure barrier, the 
saturation field has dried and shows little variability in saturation. 



RPP-10098, Rev. 0 

AppE_1213 E-48 December 13, 2002 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.26.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Only small differences in the uranium-238 aqueous concentration distribution (Figures E2.9) are 
noted relative to case 12.  Peak concentrations are lower due to dilution, and the increased 
recharge has caused a subsequent acceleration in uranium-238 transport.  However, the vertical 
migration of uranium-238 is still severely limited and largely confined to the H2 sand unit, even 
at year 3000. 

The technetium-99 concentration profiles shown in Figures E2.10 through E2.12 show a similar 
pattern to the lower recharge scenario presented in case 12.  The implementation of the closure 
barrier in 2010 significantly delays technetium-99 transport.  Relative to case 12, peak 
concentrations are lower.  Transport out of the system is also accelerated due to the increased 
saturations of the domain. 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 13 
in Attachment E4 Figures E4.7 and E4.8 for technetium-99 and nitrate.  Since this simulation did 
not predict any uranium-238 migration from the vadose zone for the time period simulated, the 
mass flux and concentration figures for uranium-238 were omitted.  For technetium-99 and 
nitrate, scaled results using the inventories for trench B-38 are shown in Figures E4.9 and E4.10.  
Scaled results using the inventories for all eight trenches are shown in Figures E4.11 and E4.12. 

As noted in Section E2.4, both technetium-99 and nitrate results were scaled from the unit 
inventory release of a non-sorbing solute.  Therefore, the breakthrough curves and relative 
results for technetium-99 and nitrate are identical.  Due to the increase in recharge, the 
technetium-99 and nitrate mass flux and concentration breakthrough curves had single peaks that 
were slightly earlier than those in case 12, and peak concentrations that were more than three 
times higher.  They also had long tailings that extended the duration of the simulation until year 
3000.  The simulation predicted about 70% of the technetium-99 and nitrate inventory migrated 
from the vadose zone by the end of the simulation time.  
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Table E.26.  Peak Concentrations and Arrival Times 

at the First Boundary for Case 13 

Parameter Trench B-38  

Technetium-99 

Arrival Time Year 2025 

Peak Concentration 80.8 pCi/L 

Maximum Initial Concentration (a) 5.074 × 106 pCi/L 

Uranium-238 

Arrival Time — 

Peak Concentration — 

Maximum Initial Concentration 1.089 × 105 µg/L 

Nitrate 

Arrival Time Year 2025 

Peak Concentration 5.79 × 105 µg/L 

Maximum Initial Concentration 3.616 × 107 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
 
E.3.14 TRENCH B-38 WITH DELAYED CLOSURE BARRIER AND 100.0 MM/YR 

METEORIC RECHARGE 

The third trench B-38 simulation investigated solute transport through a cross-section west of 
tank BX-111, considering natural infiltration at 100 mm/yr, no interim barrier, and a closure 
barrier in the year 2040.  In this simulation, the year the closure barrier is emplaced is the same 
as in BX tank simulations (cases 1 through11).  Like the previous trench simulations (cases 12 
and 13), a 378,000-gal discharge containing a unit inventory distribution for uranium-238 and 
technetium-99 occurred over the entire width of the trench in the year 1954.  With the exception 
of the closure barrier implementation in 2040, all other conditions were the same as in case 13.  
Plot-file output for this simulation were generated at years 1954, 1955, 2000, 2010, 2110, 2210, 
2310, 2410, 2510, 2700, and 3000 and include values for the saturation, aqueous pressure head, 
moisture content, and concentrations for the three solute species. 

The final saturation distribution for the trench B-38 cross-section with 100 mm/yr of meteoric 
recharge and the delayed closure barrier is shown in Figure E2.13.  Relative to case 13 
(100 mm/yr meteoric recharge and a closure barrier in 2010), the delay in the closure barrier has 
not had a significant impact on the moisture content distribution.  However, the delay has had an 
effect on solute concentrations and transport.  For example, relative to case 13, the uranium-238 
plume is more diffuse and has migrated a few feet deeper into the profile as shown in 
Figure E2.14 for year 3000.  For the mobile species such as technetium-99, the effect is more 
pronounced.  Figures E2.15 and E2.16 show that the delay in the closure barrier has accelerated 
the transport of technetium-99 to the water table.  For example, in year 2110 [Figure E2.15 (a)], 
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the upper boundary of the technetium-99 plume is approximately 160 ft above the water table, 
whereas in case 13, it is at approximately 180 ft.  The effect of the closure barrier, however, is 
noticeable in both simulations.  The upper boundary of the plume in year 3000 for both the 
delayed closure barrier and case 13 is at 150 ft. 

Peak arrival times and peak aqueous concentrations at the first boundary (i.e., cross-section) are 
summarized in Table E.27.  Attachment E5 Tables E5.1 through E5.3 summarize the peak arrival 
times and peak aqueous concentrations for the BX tank farm east fence line boundary as well as 
for the two other boundaries (i.e., exclusion boundary and Columbia River). 

Predicted solute mass flux and aqueous concentration breakthrough curves are shown for case 14 
in Figures E4.13 and E4.14 for technetium-99 and nitrate.  Since this simulation did not predict 
any uranium-238 migration from the vadose zone for the time period simulated, the mass flux 
and concentration figures for uranium-238 were omitted.  Again, for technetium-99 and nitrate, 
scaled results using the inventories for trench B-38 are shown in Figures E4.15 and E4.16.  
Scaled results using the inventories for all eight trenches are shown in Figures E4.17 and E4.18. 

As noted in Section E2.4, both technetium-99 and nitrate results were scaled from the unit 
inventory release of a non-sorbing solute.  Therefore, the breakthrough curves and relative 
results for technetium-99 and nitrate are identical.  Due to the increase in recharge from the delay 
in implementation of the closure barrier, the technetium-99 and nitrate mass flux and 
concentration breakthrough curves had peak concentrations that were more than six times higher 
than the base case (case 12) and 1.8 times higher than for case 13.  This simulation predicted 
about 92% of the technetium-99 and nitrate inventory migrated from the vadose zone by the end 
of the simulation period. 

Table E.27.  Peak Concentrations and Arrival Times 
at the First Boundary for Case 14 

Parameter Trench B-38 

Technetium-99 

Arrival Time Year 2052 

Peak Concentration 149 pCi/L 

Maximum Initial Concentration (a) 5.074 × 106 pCi/L 

Uranium-238 

Arrival Time — 

Peak Concentration — 

Maximum Initial Concentration 1.089 × 105 µg/L 

Nitrate 

Arrival Time Year 2052 

Peak Concentration 1.07 × 106 µg/L 
Maximum Initial Concentration 3.616 × 107 µg/L 
(a) Maximum initial concentration is based on inventory data (Section E.2.4.3) and 

listed for comparison with the simulated peak concentration at the boundary. 
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E.3.15 SOLUTE MASS BALANCE 

Mass balance checks were performed on the three solutes (uranium-238, technetium-99, and 
nitrate) for each simulation case, using the expression shown in Equation (E.10) 

    
merror  =  

minitial − mfinal − mexiting

minitial
   (E.10) 

where: 

  merror  = the mass balance error, expressed in percent 

  minitial  = the initial solute inventory computed from the STOMP plot-file output at year 
2000 

  mfinal  = the final solute inventory computed from the STOMP plot-file output at year 
3000 

  mexiting  = the integrated solute inventory leaving the computation domain, computed from 
the STOMP surface-flux output. 

The initial solute masses were computed by STOMP by integrating the solute concentrations 
over the flow domain.  The solute mass leaving the computational domain through the aquifer 
was determined using surface-flux output on the eastern side of the domain.  The surface-flux 
output provided both the solute-flux rate and integral.  Other than solving the solute mass 
conservation equations, the STOMP simulator contains no algorithms for correcting local or 
global mass.  Therefore mass balance errors represent the actual mass balance errors from the 
conservation equations.  Mass balance errors, expressed as percent error, were small as shown in 
Tables E.28, E.29, and E.30 for uranium-238, technetium-99, and nitrate, respectively. 

Table E.28.  STOMP Mass Balance for Uranium-238 

Uranium-238 (pCi) 
Case Initial Final Exit % Error 

1 4.311E+10 4.302E+10 8.661E+07 2.2E-04 
2 4.311E+10 4.310E+10 9.105E+06 2.2E-04 
3 4.311E+10 2.089E+08 4.292E+10 -5.0E-02 
4 4.311E+10 4.291E+10 1.984E+08 6.3E-05 
5 4.311E+10 4.306E+10 4.804E+07 1.3E-04 
6 4.311E+10 4.311E+10 4.966E+06 7.9E-05 
7 4.311E+10 4.310E+10 9.497E+06 6.6E-06 
8 4.311E+10 4.311E+10 1.474E+06 6.0E-05 
9 4.311E+10 4.311E+10 1.044E+04 2.1E-04 

10 4.311E+10 2.768E+10 1.543E+10 -1.9E-03 
11 4.311E+10 4.311E+10 4.416E+06 2.0E-04 
12 1.000E+12 1.000E+12 0.000E+00 0.00E+00 
13 1.000E+12 1.000E+12 0.000E+00 0.00E+00 
14 1.000E+12 1.000E+12 0.000E+00 0.00E+00 
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Table E.29.  STOMP Mass Balance for Technetium-99 

Technetium-99 (pCi) 
Case Initial Final Exit % Error 

1 6.013E+10 8.726E+08 5.926E+10 -5.85E-03 

2 6.013E+10 6.167E+09 5.396E+10 3.33E-05 

3 6.013E+10 2.235E+03 5.988E+10 4.15E-01 

4 6.013E+10 3.394E+08 5.979E+10 1.00E-02 

5 6.045E+10 1.683E+09 5.878E+10 -2.39E-02 

6 6.045E+10 8.623E+09 5.183E+10 -1.93E-02 

7 6.013E+10 4.805E+09 5.533E+10 1.96E-03 

8 6.013E+10 1.060E+10 4.953E+10 4.99E-05 

9 6.013E+10 2.719E+10 3.294E+10 9.98E-05 

10 6.013E+10 8.726E+08 5.926E+10 -5.85E-03 

11 6.013E+10 8.726E+08 5.926E+10 -5.85E-03 

12 1.000E+12 6.026E+11 3.979E+11 -3.00E-05 

13 1.000E+12 3.012E+11 6.993E+11 3.00E-05 

14 1.000E+12 8.450E+10 9.160E+11 -2.00E-05 

 
Table E.30.  STOMP Mass Balance for Nitrate 

Nitrate (µg) 
Case Initial Final Exit % Error 

1 1.790E+11 6.473E+09 1.722E+11 1.40E-01 

2 1.790E+11 2.172E+10 1.571E+11 9.64E-02 

3 1.790E+11 1.599E+06 1.773E+11 9.55E-01 

4 1.790E+11 3.418E+09 1.754E+11 6.08E-02 

5 1.795E+11 9.172E+09 1.704E+11 -1.65E-02 

6 1.795E+11 2.678E+10 1.528E+11 -5.31E-02 

7 1.790E+11 1.821E+10 1.605E+11 1.46E-01 

8 1.790E+11 3.118E+10 1.478E+11 6.70E-04 

9 1.790E+11 6.313E+10 1.158E+11 2.23E-04 

10 1.790E+11 6.473E+09 1.722E+11 1.40E-01 

11 1.790E+11 6.473E+09 1.722E+11 1.40E-01 

12 1.000E+09 6.026E+08 3.979E+08 -3.00E-05 

13 1.000E+09 3.012E+08 6.993E+08 3.00E-05 

14 1.000E+09 8.450E+07 9.160E+08 -2.00E-05 
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E.4.0 HUMAN HEALTH RISK AND DOSE ESTIMATION APPROACH 

This section presents the approach used to estimate human health risk (risk) and dose associated 
with exposure to contaminants of concern from past waste releases from WMA B-BX-BY. 

Risk is used herein to refer to the following: 

• Incremental lifetime cancer risk (ILCR), which can occur from exposure to carcinogenic 
chemicals and radionuclides 

• Hazard index, which is a measure of the potential for toxic health effects from exposure 
to noncarcinogenic chemicals. 

Dose is the measure of radioactivity potentially received in a human body. 

The interim measures under consideration for WMA B-BX-BY address mitigation of 
groundwater impacts.  The exposure pathways for this risk and dose assessment therefore are 
based on the groundwater exposure medium.  The exposure scenarios used for this assessment 
are as follows: 

• Industrial 
• Residential 
• Industrial worker 
• Residential farmer 
• Recreational shoreline user. 

Risk and dose associated with the use of groundwater from a hypothetical water supply well was 
estimated at several downgradient locations over a 1,000-year timeframe.  Groundwater 
contaminant concentration estimates were based on the results of the contaminant transport 
analysis presented in Section E.3.0. 

The risk assessment for this WMA B-BX-BY field investigation report is qualitative at this stage 
in the corrective action process even though substantial site-specific data have been generated.  
Qualitative WMA risk evaluations have been performed at the Hanford Site using historical 
process and characterization data (DOE-RL 1995c; DOE-RL 1996).  These qualitative risk 
evaluations have been used to initially evaluate the applicability and relative effectiveness of 
interim measures (e.g., eliminate leaking water lines and replace well caps).  The risk and dose 
assessment presented herein also relies on historical process and characterization data but is 
supplemented with additional site-specific data collected under the Resource Conservation and 
Recovery Act of 1976 corrective action program as described in Appendices A and B.  The 
results of this risk and dose assessment are used to support evaluation of potential interim 
measures or interim corrective measures and to determine the need for additional WMA-specific 
characterization data. 

Procedures for the approach and assumptions necessary to calculate human health risk and dose 
are described in the following: 

• “The Model Toxics Control Act Cleanup Regulation” (WAC 173-340), which 
implements “Model Toxics Control Act” (MTCA) requirements 
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• Hanford Site Risk Assessment Methodology (HSRAM) (DOE-RL 1995b), which is the 
risk and dose assessment methodology that the U.S. Department of Energy (DOE), 
Washington State Department of Ecology (Ecology), and the U.S. Environmental 
Protection Agency (EPA) have agreed to use to support Hanford Site cleanup decisions. 

The WAC 173-340 implementing regulations define exposure scenarios and input parameters for 
two types of site uses:  unrestricted (MTCA Method B) and industrial (MTCA Method C).  
Both the Method B and C exposure scenarios include potential consumption of groundwater.  
The Method B exposure scenario essentially assumes residential use; the scenario has been used 
in risk assessments of the Hanford Site 100 Areas to represent unrestricted land use 
(DOE-RL 1995a).  The Method C exposure scenario has been applied for site-specific decisions 
at the Hanford Site in the 300 Area (Ecology 2001). 

Under MTCA, risk assessment requirements for nonradioactive contaminants stipulate that 
carcinogenic risks shall be less than 1.0 × 10-6 (1.0 × 10-5 for multiple contaminants) for 
Method B and 1.0 × 10-5 for Method C.  Also, concentrations of individual noncarcinogenic 
contaminants that pose acute or chronic toxic effects to human health shall not exceed a hazard 
quotient of 1.0.  The MTCA risk criteria apply only to nonradioactive contaminants.  The EPA 
guidance indicates that action is generally warranted when the cumulative carcinogenic risk is 
greater than 1 × 10-4 or the cumulative noncarcinogenic hazard index exceeds 1.0.  Carcinogenic 
risks below 1 × 10-6 or hazard indices less than 1.0 are regarded as ‘points of departure’ below 
which no action is required.  DOE orders require that groundwater protection standards be 
consistent with federal and Washington State requirements (i.e., EPA and Ecology 
requirements). 

Dose assessments are based on HSRAM (DOE-RL 1995b).  Four exposure scenarios are defined 
by the HSRAM to estimate radiation doses to hypothetical future members of the public:  
agricultural, residential, industrial, and recreational.  The four HSRAM exposure scenarios were 
developed for the Hanford Site to facilitate evaluation of risk related to Comprehensive 
Environmental Response, Compensation, and Liability Act of 1980 (CERCLA) remedial 
investigations and Resource Conservation Recovery Act (RCRA) facility investigations.  
Groundwater transport was the primary exposure pathway considered in this analysis. 

The primary dose limit specified by DOE Order 435.1 includes the DOE primary dose limit of 
100 mrem effective dose equivalent (EDE) in a year applied to a hypothetical future member of 
the public.  This all-pathways dose to the maximally exposed offsite individual is calculated for 
1000 years at points on the Hanford Site that a future member of the public could access.  The 
point of access nearest the waste disposal sites in the future is defined by the boundary 
(Figure E.10).  The dose constraint is defined as 30 mrem EDE in a year to the maximally 
exposed offsite individual for 1000 years in DOE Order 435.1 and ensures that no single source, 
practice, or pathway accounts for an extraordinary portion of the primary dose limit.  
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Figure E.10.  Hypothetical Receptor Locations for Risk Evaluation 
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E.4.1 RECEPTOR SCENARIO RATIONALE 

Current land use planning assumptions are documented in Final Hanford Comprehensive 
Land-Use Plan Environmental Impact Statement (DOE 1999), which provides an evaluation of 
several land uses for the Hanford Site for the next 50 years.  That environmental impact 
statement and associated “Hanford Comprehensive Land-Use Plan Environmental Impact 
Statement (HCP EIS), Hanford Site, Richland, Washington; Record of Decision (ROD)” 
(64 FR 61615) identify ‘industrial-exclusive use’ as the planned use for the 200 Areas Central 
Plateau, an area that encompasses the 200 East and 200 West Areas.  Ecology is evaluating how 
the DOE land use planning efforts fit within the Ecology cleanup framework.  Ecology has not 
yet agreed to an industrial use scenario.  Therefore, multiple exposure scenarios are considered in 
the WMA B-BX-BY risk assessment to account for the uncertainty of long-term Hanford Site 
land use. 

As shown in Phase 1 RCRA Facility Investigation/Corrective Measures Study Work Plan for 
Single-Shell Tank Waste Management Areas (DOE-RL 2000), DOE and Ecology have agreed to 
use MTCA Methods B and C in the corrective action program.  MTCA Methods B and C risks 
are calculated based on equations and parameters specified in the MTCA protocol for 
establishing groundwater cleanup levels (WAC 173-340-720).  Risk is calculated for the 
residential farmer, industrial worker, and recreational shoreline user exposure scenarios based on 
the HSRAM.  Estimates of risk based on the three HSRAM exposure scenarios are provided in 
this assessment to allow for comparison to risks cited in Tank Waste Remediation System, 
Hanford Site, Richland, Washington, Final Environmental Impact Statement (TWRS EIS) 
(DOE and Ecology 1996), Retrieval Performance Evaluation Methodology for the AX Tank 
Farm (DOE-RL 1999), and Field Investigation Report for Waste Management Area S-SX 
(Knepp 2002).  Risk calculations for the three HSRAM-based scenarios use groundwater 
pathway unit risk factors adapted without modification directly from the TWRS EIS. 

Three hypothetical receptor locations identified by DOE and Ecology (DOE-RL 2000) as the 
locations for which potential risk and dose will be calculated are as follows: 

• Downgradient at the BX tank farm east fence line boundary 

• Downgradient at the boundary of the 200 Area exclusion zone as defined by the Hanford 
Future Site Uses Working Group (FSUWG 1992) 

• Downgradient at the Columbia River shoreline. 

E.4.1.1 Residential Exposure Scenario (MTCA Method B) 

The MTCA cleanup standards are applicable only to nonradioactive constituents.  Under the 
Method B groundwater cleanup level protocol, exposure to hazardous and carcinogenic 
chemicals is based solely on ingestion of drinking water (with an inhalation correction factor 
used for volatile chemicals).  Method B exposures for noncarcinogenic health effects are based 
on a drinking water intake rate of 1 L/day (0.2 gal/day) and an average body weight of 16 kg 
(35 lb) (WAC 173-340-720(3)(a)(ii)(A)).  Method B exposures for carcinogenic health effects 
are based on a drinking water intake rate of 2 L/day (0.5 gal/day), an average body weight of 
70 kg (150 lb), an exposure duration of 30 years, and a lifetime of 75 years 
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(WAC 173-340-720(3)(a)(ii)(B)).  Oral reference doses (mg/kg-day) and oral slope factors 
(kg-day/mg) developed by the EPA are applied to convert the exposures to the health effect 
appropriate for each constituent. 

For the BX tank farm boundary, risk is calculated at one location axis corresponding to the 
cross-section through tanks BX-108 to BX-102 considered in the contaminant transport analysis.  
Method B risk is calculated at all locations as defined in Section E.4.1. 

E.4.1.2 Industrial Exposure Scenario (MTCA Method C) 

As in the MTCA Method B residential exposure scenario, the MTCA Method C industrial 
exposure scenario is applicable only to nonradioactive constituents.  Under the Method C 
groundwater cleanup level protocol, exposure to hazardous and carcinogenic chemicals is based 
solely on ingestion of drinking water (with an inhalation correction factor used for volatile 
chemicals).  Method C exposures for noncarcinogenic health effects are based on a drinking 
water intake rate of 2 L/day (0.5 gal/day) and an average body weight of 70 kg (150 lb) 
(WAC 173-340-720(4)(b)(ii)(A)).  Method C exposures for carcinogenic health effects are based 
on a drinking water intake rate of 2 L/day (0.5 gal/day), an average body weight of 70 kg 
(150 lb), an exposure duration of 30 years, and a lifetime of 75 years 
(WAC 173-340-720(4)(b)(ii)(B)).  Oral reference doses (mg/kg-day) and oral slope factors 
(kg-day/mg) developed by the EPA are applied to convert the exposures to the health effect 
appropriate for each constituent. 

Method C risk is calculated for the same three locations as defined in Section E.4.1. 

E.4.1.3 Industrial Worker Scenario 

An industrial worker scenario consistent with the scenario described in HSRAM 
(DOE-RL 1995b) is used to represent potential exposure to workers in a commercial or industrial 
setting.  The receptors are adult employees assumed to work at a location for 20 years.  A body 
weight of 70 kg (150 lb) and a lifetime of 70 years are assumed.  The scenario involves mainly 
indoor activities, although outdoor activities (e.g., soil contact) also are included.  The 
groundwater exposure pathways for this scenario include drinking water ingestion (1 L/day [0.2 
gal/day]), dermal absorption during showering, shower water ingestion, and inhalation.  These 
exposures would not be continuous because the worker would go home at the end of each 
workday (i.e., after 8 hours).  The scenario is intended to represent nonremediation workers who 
are assumed to wear no protective clothing. 

Industrial worker risk is evaluated using a unit risk factor approach consistent with that used for 
the TWRS EIS (DOE and Ecology 1996), DOE-RL (1999) and Knepp (2002) analyses.  This 
approach involves calculating risk as the product of the groundwater concentration and the unit 
risk factor.  The basic expression for risk using a unit risk factor approach is: 

 ∑ ⋅= i
S

i
tyxtyx URFCR ,,,,  (E.11) 

Where: 

tyxR ,,  = risk at point of calculation x,y,t 
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i
tyxC ,,  = groundwater concentration at point of calculation x,y,t for contaminant i 

i
SURF  = groundwater unit risk factor for contaminant i and receptor scenario S 

x,y = horizontal location coordinates 
t = time. 

The summation in Equation E.11 represents addition of the contributions from all constituents.  
The unit risk factors used for the three HSRAM-based exposure scenarios are shown in 
Table E.31.  These unit risk factors are for the groundwater pathway and are taken from the risk 
analysis presented in the TWRS EIS.  These unit risk factors were also used in DOE-RL (1999) 
and Knepp (2002). 

Industrial worker risk is calculated for the same three locations as defined in Section E.4.1. 

Table E.31.  Unit Risk Factors for the Industrial Worker, Residential 
Farmer, and Recreational Shoreline User Scenarios 

Contaminant of 
Concern Units Industrial Worker(a) Residential Farmer(b) Recreational 

Shoreline User(c) 

C-14 ILCR per Ci/mL 5.23E+06 6.06E+08 8.70E+05 
Se-79 ILCR per Ci/mL 3.22E+07 2.87E+08 5.36E+06 
Tc-99 ILCR per Ci/mL 7.11E+06 2.61E+08 1.18E+06 
I-129 ILCR per Ci/mL 9.33E+08 1.29E+10 1.55E+08 
U-232 ILCR per Ci/mL 7.83E+08 3.00E+09 9.98E+07 
U-233 ILCR per Ci/mL 3.03E+08 1.38E+09 4.42E+07 
U-234 ILCR per Ci/mL 3.00E+08 1.34E+09 4.38E+07 
U-235 ILCR per Ci/mL 2.98E+08 1.37E+09 4.40E+07 
U-236 ILCR per Ci/mL 2.85E+08 1.27E+09 4.15E+07 
U-238 ILCR per Ci/mL 2.84E+08 1.28E+09 4.18E+07 
Cr HQ per g/mL 3.31E+06 1.14E+07 3.47E+05 
F HQ per g/mL 1.65E+05 1.61E+06 2.27E+04 
Hg HQ per g/mL 3.85E+07 8.36E+08 4.85E+06 
NO3 HQ per g/mL 6.20E+03 7.59E+06 8.52E+02 
NO2 HQ per g/mL 9.92E+03 3.73E+04 1.36E+03 
U (Total) HQ per g/mL 3.52E+06 1.41E+07 4.66E+05 
EDTA HQ per g/Ml 7.61E+06 1.47E+09 1.05E+06 

(a) Source = TWRS EIS, Appendix D, Tables D.2.1.21 and D.2.1.23 (groundwater pathway) 
(b) Source = TWRS EIS, Appendix D, Tables D.2.1.18 and D.2.1.20 (groundwater pathway) 
(c) Source = TWRS EIS, Appendix D, Tables D.2.1.24 and D.2.1.26 (groundwater pathway) 
ILCR  = incremental lifetime cancer risk 
HQ  = hazard quotient 
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E.4.1.4 Residential Farmer Scenario  

A residential farmer scenario is used to represent exposures associated with the use of the land 
for residential and agricultural purposes.  This scenario is a slight modification to the residential 
scenario described in HSRAM (DOE-RL 1995b); it includes all of the exposure pathways for the 
residential scenario plus most of the food ingestion pathways described in the HSRAM 
agricultural scenario.  The residential farmer scenario includes using groundwater for drinking 
water (ingestion rate of 2 L/day [0.5 gal/day]) and other domestic uses as well as for irrigation to 
produce and consume animals, vegetables, and fruit products.  The exposures are assumed to be 
continuous and include occasional shoreline related recreational activities, which includes 
contact with surface water sediments.  A composite adult is used as the receptor for some of the 
exposure pathways.  The composite adult is evaluated using child parameters for 6 years and 
adult parameters for 24 years, with total exposure duration of 30 years.  Body weights of 16 kg 
(35 lb) for a child and 70 kg (150 lb) for an adult and a lifetime of 70 years are assumed. 

Residential farmer risk is evaluated using a unit risk factor approach as discussed for the 
industrial worker scenario in Section E.3.1.3.  The unit risk factors used are shown in Table E.31. 

Residential farmer risks are calculated for the same three locations as defined in Section E.4.1. 

E.4.1.5 Recreational Shoreline User Scenario  

A recreational shoreline user scenario consistent with the scenario described in the HSRAM is 
used to represent exposure to contamination in groundwater seeps along the Columbia River 
shoreline from recreational swimming, boating, and other shoreline activities.  The scenario 
involves outdoor activities and occurs only in an area within 400 m (0.25 mi) of the river 
shoreline.  These exposures would not be continuous but would occur for 14 days a year for 
30 years.  Exposure to both adults and children are taken into account using the same composite 
adult as described in the residential farmer scenario in Section E.4.1.4. 

Recreational shoreline user risk is evaluated using a unit risk factor approach as described in the 
industrial worker scenario in Section E.4.1.3.  The unit risk factors used are shown in Table E.31.  
Recreational shoreline user risks are calculated only at the downgradient Columbia River 
shoreline location that is defined in Section E.4.1. 

The recreational land user scenario is not included in the WMA B-BX-BY risk assessment 
because this receptor does not have access to the groundwater pathways. 

E.4.2 TANK WASTE CONSTITUENTS OF POTENTIAL CONCERN 

Determination of the constituents of potential concern (CoPCs) to be used in the WMA 
B-BX-BY risk assessment starts with the estimated inventory released from the tank farm system 
to the environment.  That estimated inventory is provided in Preliminary Inventory Estimates for 
Single-Shell Tank Leaks in B, BX, and BY Tank Farms (Jones et al. 2001).  The CoPCs listed in 
Jones et al. (2001) include the analytes listed in the model cited in Hanford Defined Wastes:  
Chemical and Radionuclide Compositions (Agnew 1997).  The following sections provide the 
rationale used to exclude some of these CoPCs from calculations of human health risk and dose 
in the WMA B-BX-BY risk assessment.  Because not all of the constituents associated with the 
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released tank waste will migrate to the groundwater, the constituents of concern in a groundwater 
pathway must be selected.  The rationale for making this constituents selection is provided in the 
following sections. 

E.4.2.1 Rationale for Excluding Constituents of Potential Concern 

Following are the criteria used to exclude CoPCs from consideration in the WMA B-BX-BY risk 
assessment. 

• Constituents having distribution coefficients (Kd) equal or greater than 0.6.  
Composite Analysis for Low-Level Waste Disposal in the 200 Area Plateau of the 
Hanford Site (Kincaid et al. 1998) provides reference to distribution coefficient selection 
used in previous studies and for past tank leaks.  Hanford Immobilized Low-Activity Tank 
Waste Disposal Performance Assessment:  2001 Version (Mann et al. 2001), along with 
Kincaid et al. (1998), provide rationale for selection of CoPCs for risk calculations.  
Numerical modeling results provided in the TWRS EIS indicate that constituents with 
distribution coefficients equal to or greater than 1.0 take over 1,000 years to reach the 
vadose zone/saturated zone interface.  Numerical modeling of past tank leaks for S tank 
farm retrieval performance evaluation (Crass 2001) and for DOE-RL (1999) indicate that 
within 1,000 years, constituents with distribution coefficients equal to or greater than 0.6 
would not reach the underlying aquifer or would reach the underlying aquifer at very low 
concentrations (less than 3.0 × 10-2 pCi/L) that would not contribute to significant human 
health risks (less than 4.0 × 10-8 ILCR for the residential farmer scenario) using base case 
recharge estimates as shown in Table E.1. 

CoPCs eliminated because of the distribution coefficient criterion are:  aluminum, iron, 
bismuth, lanthanum, zirconium, lead, nickel, manganese, plutonium (total), nickel-59, 
nickel-63, cobalt-60, strontium-90, yttrium-90, zirconium-93, niobium-93m, 
cadmium-113m, tin-126, cesium-134, cesium-137, barium-137, samarium-151, 
europium-152, europium-154, europium-155, radium-226, radium-228, plutonium series, 
americium series, curium series, and thorium-232. 

• Low-activity radionuclides that are present in low concentrations and with short 
half-lives if they have decayed for at least five half-lives.  A decay time of 5 half-lives 
is sufficient for decay of 96.9% of the radionuclide activity and results in a reduced level 
of potential risk (EPA 1995).  Based on numerical modeling results provided in the 
TWRS EIS, constituents with distribution coefficients of 0 take 150 years to reach the 
vadose zone/saturated zone interface under normal recharge. 

Additional CoPCs eliminated because of the half-life criterion are ruthenium-106, 
antimony-125, and tritium. 

• Constituents that have no documented human health risk or toxicity factors.  The 
basis for these factors is documented in the Integrated Risk Information System (EPA 
2002a) or the User’s Guide:  Radionuclide Carcinogenicity (EPA 2002b) databases.  A 
constituent lacking a toxicity reference dose or a carcinogenic slope factor is eliminated. 
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CoPCs eliminated because of the health effects criterion are:  carbonate, chloride, 
calcium, hydroxide, potassium, phosphate, strontium, sulfate, silica, and sodium. 

Although several organic chemicals are listed in the Agnew (1997) model, only EDTA 
(ethylene-diamine-tetraacetic acid) was carried forward because it is the only constituent that has 
a reference dose.  All others were not listed in the Integrated Risk Information System 
(EPA 2002a). 

E.4.2.2 Contaminants of Potential Concern for Risk Assessment 

The CoPCs to be used in the WMA B-BX-BY risk assessment after applying the exclusion 
criteria described in Section E.4.2.1 are: 

• Chemicals:  chromium, fluoride, mercury, nitrate, nitrite, uranium (total), and EDTA 
• Radionuclides:  carbon-14, selenium-79, technetium-99, iodine-129, and uranium series. 

E.4.3 ESTIMATING TOTAL INCREMENTAL LIFETIME CANCER RISK AND 
HAZARD INDEX 

The total ILCR for a particular receptor scenario at a particular point in time and space is 
expressed as the sum of the ILCR calculated for the individual carcinogenic chemical and 
radionuclide CoPCs.  Note that because none of the chemical CoPCs identified in Section E.4.2.2 
is classified as carcinogenic, ILCR values for this assessment are based only on radionuclide 
exposures.  Although hexavalent chromium is classified as carcinogenic by inhalation, 
carcinogenic impacts from hexavalent chromium would apply only for airborne releases from a 
facility, or for suspension of surface contamination.  Because groundwater is the only exposure 
medium considered in this assessment, neither of these exposure routes applies and hexavalent 
chromium is treated as an ingestion toxicant.  As for the total ILCR, the total hazard index is 
expressed as the sum of the hazard quotients calculated for the individual noncarcinogenic 
chemical CoPCs.  Total ILCR and hazard index values are calculated for each receptor scenario 
and point of calculation for the 1,000-year period of analysis used in the contaminant transport 
simulations. 

Risks for CoPCs included in the contaminant transport analysis (i.e., technetium-99, 
uranium-238, and nitrate) are based on the modeled groundwater concentrations.  Risks for 
CoPCs not included in the contaminant transport analysis are based on scaled groundwater 
concentrations.  Scaling is performed by multiplying the non-modeled CoPC source inventories 
(as reported in Jones et al. 2001) by the ratio of the modeled groundwater concentration to source 
inventory for one of the modeled CoPCs.  The basis for the scaling calculations is shown in 
Table E.32. 

Table E.32.  Basis for Scaled Groundwater Concentrations 

Simulated CoPC Non-simulated CoPC Ratioed from Simulated CoPC 

Tc-99 C-14, Se-79, I-129 

U-238 U-232, U-233, U-234, U-235, U-236, U (Total), Cr 

NO3 NO2, Hg, F, EDTA 
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E.4.4 DOSE METHODOLOGY 

Radionuclide doses are calculated as the product of the groundwater concentration and a unit 
dose factor.  The unit dose factors used are groundwater pathway unit dose factors provided in 
Kincaid et al. (1998) and Knepp (2002).  Unit dose factors are shown in Table E.33.  Dose 
calculations are performed only for the industrial worker exposure scenario.  Exposure pathways 
and parameters associated with this scenario are described in Section E.4.1.3. 

Table E.33.  Industrial Worker Scenario Groundwater Unit Dose Factors 

Constituent Unit Unit Dose Factor 

C-14 (mrem/yr)/(pCi/L) 5.22E-04 

Se-79 (mrem/yr)/(pCi/L) 2.17E-03 

Tc-99 (mrem/yr)/(pCi/L) 3.65E-04 

I-129 (mrem/yr)/(pCi/L) 6.90E-02 

U (Total) (mrem/yr)/(ug/L) 5.27E-02 

Source = Kincaid et al. (1998) 
 
Industrial worker dose is calculated at the three locations as defined in Section E.4.1. 
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E.5.0 HUMAN HEALTH RISK AND DOSE RESULTS 

This section presents the results of the human health risk and dose assessment.  The risk and dose 
values presented are based on the groundwater concentrations generated through contaminant 
transport modeling (Sections E.2.0 and E.3.0) and were calculated using the approach described 
in Section E.4.0.  Groundwater concentration values from the cross-section at the BX tank farm 
east fence line boundary used Equation E.9 in Section E.3.0 to calculate the risk and dose values 
with the methodology described in Section E.4.0.  Note that risk and dose results are presented 
only for a select group of simulation cases (Table E.34).  Results for these cases are 
representative of the larger set of cases considered in the contaminant transport analysis and 
include information on the impacts associated with existing conditions (case 1), interim barrier 
use (case 2), and variable meteoric recharge rates (cases 7 and 8).  

Table E.34.  Human Health Risk and Dose Assessment Cases 

Case Description Rationale 

1 

Base case (no action alternative) Reference case.  Estimation of impacts from past 
contaminant releases at WMA B-BX-BY if no interim 
measures or interim corrective measures were 
implemented. 

2 

Barrier alternative and no water 
line leaks 

Interim corrective measure case.  Estimation of degree 
to which implementation of an interim surface barrier 
would decrease impacts from past contaminant 
releases at WMA B-BX-BY. 

7 Base case with 50 mm/yr meteoric 
recharge 

8 Base case with 30 mm/yr meteoric 
recharge 

Meteoric recharge sensitivity cases.  Estimation of 
degree to which meteoric recharge modeling 
assumptions affect estimated base case impacts from 
past contaminant releases at WMA B-BX-BY. 

 
Section E.5.5 presents the conclusions of risk and dose results.  Risk and dose results for the four 
cases shown in Table E.34 are presented individually in Sections E.5.1 through E.5.4.  As 
discussed in Section E.4.1, multiple exposure scenarios are considered in this assessment to 
account for the uncertainty of long-term Hanford Site land use.  To simplify the presentation, the 
individual case discussions focus on the results for the industrial worker scenario.  Results for all 
the receptor scenarios are provided in table format for each case; however, for comparison 
purposes, a single scenario is sufficient because the relationship between the receptor scenarios 
remains relatively consistent within each case.  For example, regardless of the case or calculation 
point, the peak residential farmer ILCR is always approximately 34 times higher than the peak 
industrial worker ILCR, and the MTCA Method B peak hazard index is always approximately 
2.2 times higher than the MTCA Method C peak hazard index.  Conclusions of the risk and dose 
calculations are presented in Section E.6.0.   

E.5.1 BASE CASE, NO ACTION ALTERNATIVE (CASE 1) 

Results for the base case (case 1) are summarized in Table E.35.  Results for case 1 reveal two 
general trends that are also evident in the results for the other cases considered (cases 2, 7, 8).  
First, peak human health risk values for the cross-section at the BX tank farm east fence line 
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boundary exceed the peak values for the other two downgradient boundaries.  Second, peak 
values at the last downgradient boundary (i.e., the Columbia River shoreline) are generally two 
to three orders of magnitude lower than the peak values at the BX tank farm east fence line 
boundary. 

Peak values for case 1 are the highest of the four cases considered.  Between the BX tank farm 
east fence line boundary and the Columbia River shoreline, the peak industrial worker ILCR 
ranges from 5.39 × 10-5 to 2.34 × 10-7.  Peak ILCR values are driven by technetium-99.  The 
peak industrial worker hazard index ranges from 1.98 × 10-1 to 4.88 × 10-4.  Peak hazard index 
values are driven by nitrate.  The peak dose ranges from 3.18 mrem/yr to 1.38 × 10-2 mrem/yr.  
Peak dose values are driven by technetium-99. 

Temporal variations in ILCR for case 1 are shown in Figure E.11 for calculation locations 
between the BX tank farm east fence line boundary and the Columbia River shoreline.  Temporal 
variations in hazard index and dose for case 1 are similar to those shown for ILCR.  The results 
for the BX tank farm east fence line boundary and 200 Area exclusion boundary, display a 
bimodal character in the vicinity of the peak.  In both cases, the maximum peak occurs in the 
second of the two high points.  The peak at the BX tank farm east fence line boundary occurs in 
the year 2048 and the peaks for the 200 Area exclusion boundary and Columbia River shoreline 
calculation locations arrive after approximately 40 and 250 years, respectively (i.e., years 2098 
and 2298). 
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Figure E.11.  Case 1 Industrial Worker ILCR Versus Time at Calculation 
Points Between the BX Tank Farm East Fence Line Boundary and the Columbia River 
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Table E.35.  Peak Long Term Human Health Impacts for Case 1 

Residential Farmer Industrial Worker Recreational 
Shoreline User(a) MTCA Method B(b) MTCA 

Method C(b) 
Dose to 
Worker Calculation Point 

ILCR HI ILCR HI ILCR HI ILCR HI ILCR HI mrem/yr
BX Tank Farm Fence Line 1.83E-03 2.20E+02 5.39E-05 1.98E-01 NA NA NA 2.30E+00 NA 1.05E+00 3.18E+00
200 Area Exclusion Boundary 1.86E-05 1.93E+00 5.48E-07 1.74E-03 NA NA NA 2.02E-02 NA 9.22E-03 3.23E-02
Columbia River Shoreline 7.94E-06 5.42E-01 2.34E-07 4.88E-04 3.89E-08 6.71E-05 NA 5.67E-03 NA 2.59E-03 1.38E-02
(a) Exposures defined to occur only within 400 m (1,300 ft) of the Columbia River shoreline. 
(b) Cancer risks not shown because MTCA addresses only nonradioactive contaminants and no nonradioactive carcinogenic chemicals were identified as 

contaminants of concern for WMA B-BX-BY. 
HI = hazard index 
ILCR = incremental lifetime cancer risk 
MTC = Model Toxics Control Act 
NA = not applicable 
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E.5.2 BARRIER ALTERNATIVE AND NO WATER LINE LEAKS CASE (CASE 2) 

Results for case 2, barrier alternative and no water line leaks, are summarized in Table E.36.  
Results for case 2 show the same general trends regarding the calculation points as discussed 
above for case 1.  Peak values for case 2 are slightly lower than the corresponding values for 
case 1.  Between the BX tank farm east fence line boundary and the Columbia River shoreline, 
the peak industrial worker ILCR ranges from 5.34 × 10-5 to 1.54 × 10-7.  Peak ILCR values are 
driven by technetium-99.  The peak industrial worker hazard index ranges from 1.98 × 10-1 to 
4.54 × 10-4.  Peak hazard index values are driven by nitrate.  The peak dose ranges from 
3.15 mrem/yr to 9.07 × 10-3 mrem/yr.  Peak dose values are driven by technetium-99. 

Temporal variations in ILCR for case 2 are shown in Figure E.12 for calculation locations 
between the BX tank farm east fence line boundary and the Columbia River shoreline.  Temporal 
variations in hazard index and dose for case 2 are similar to those shown for ILCR.  The peaks at 
the BX tank farm east fence line boundary and 200 Area exclusion boundary occur in the years 
2015 and 2056, respectively.  In both cases, the peak arrival time is the same year and 
approximate peak value as the first of the two peaks in the bimodal results found in case 1.  The 
peak at the Columbia River shoreline calculation location arrives approximately 270 years 
(i.e., year 2285) after the peak at the BX tank farm east fence line boundary (i.e., year 2015). 
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Figure E.12.  Case 2 Industrial Worker ILCR Versus Time at Calculation 
Points Between the BX Tank Farm East Fence Line Boundary and the Columbia River 
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Table E.36.  Peak Long Term Human Health Impacts for Case 2 

Residential Farmer Industrial Worker Recreational 
Shoreline User(a) MTCA Method B(b) MTCA 

Method C(b) 
Dose to 
Worker Calculation Point 

ILCR HI ILCR HI ILCR HI ILCR HI ILCR HI mrem/yr

BX Tank Farm Fence Line 1.81E-03 2.20E+02 5.34E-05 1.98E-01 NA NA NA 2.30E+00 NA 1.05E+00 3.15E+00
200 Area Exclusion Boundary 1.63E-05 1.92E+00 4.82E-07 1.73E-03 NA NA NA 2.01E-02 NA 9.18E-03 2.84E-02

Columbia River Shoreline 5.21E-06 5.03E-01 1.54E-07 4.54E-04 2.56E-08 6.23E-05 NA 5.27E-03 NA 2.41E-03 9.07E-03
(a) Exposures defined to occur only within 400 m (1,300 ft) of the Columbia River shoreline. 
(b) Cancer risks not shown because MTCA addresses only nonradioactive contaminants and no nonradioactive carcinogenic chemicals were identified as 

contaminants of concern for WMA B-BX-BY. 
HI = hazard index 
ILCR = incremental lifetime cancer risk 
MTCA = Model Toxics Control Act 
NA = not applicable 
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E.5.3 BASE CASE WITH 50 MM/YR METEORIC RECHARGE (CASE 7) 

Results for case 7, base case with 50 mm/yr meteoric recharge, are summarized in Table E.37.  
Results for case 7 show the same general trends regarding the calculation points as discussed 
above for case 1.  Peak values for case 7 generally range from slightly lower to a factor of 2 
lower than the corresponding values for case 1.  Between the BX tank farm east fence line 
boundary and the Columbia River shoreline, the peak industrial worker ILCR ranges from 
4.85 × 10-5 to 1.19 × 10-7.  Peak ILCR values are driven by technetium-99.  The peak industrial 
worker hazard index ranges from 1.77 × 10-1 to 3.72 × 10-4.  Peak hazard index values are driven 
by nitrate.  The peak dose ranges from 2.86 mrem/yr to 7.00 × 10-3 mrem/yr.  Peak dose values 
are driven by technetium-99. 

Temporal variations in ILCR for case 7 are shown in Figure E.13 for calculation locations 
between the BX tank farm east fence line boundary and the Columbia River.  Temporal 
variations in hazard index and dose for case 7 are similar to those shown for ILCR.  Overall, the 
temporal variations for case 7 most closely resemble those for case 1, in that the predictions for 
the BX tank farm east fence line boundary and 200 Area exclusion boundary display a bimodal 
character.  The peak at the BX tank farm east fence line boundary occurs in the year 2000 and 
the peaks for the 200 Area exclusion boundary and Columbia River shoreline calculation 
locations arrive after approximately 70 and 300 years, respectively (i.e., years 2070 and 2300). 
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Figure E.13.  Case 7 Industrial Worker ILCR Versus Time at Calculation Points 
Between the BX Tank Farm Fence Line Boundary and the Columbia River 
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Table B.37.  Peak Long Term Human Health Impacts for Case 7 

Residential Farmer Industrial Worker Recreational 
Shoreline User(a) MTCA Method B(b) MTCA 

Method C(b) Calculation Point 
ILCR HI ILCR HI ILCR HI ILCR HI ILCR HI 

BX Tank Farm Fence Line 1.64E-03 1.97E+02 4.85E-05 1.77E-01 NA NA NA 2.06E+00 NA 9.40E-01

200 Area Exclusion Boundary 9.80E-06 1.18E+00 2.89E-07 1.07E-03 NA NA NA 1.24E-02 NA 5.66E-03

Columbia River Shoreline 4.02E-06 4.13E-01 1.19E-07 3.72E-04 NA 5.11E-05 NA 4.32E-03 NA 1.97E-03
(a) Exposures defined to occur only within 400 m (1,300 ft) of the Columbia River shoreline. 
(b) Cancer risks not shown because MTCA addresses only nonradioactive contaminants and no nonradioactive carcinogenic chemicals were 

identified as contaminants of concern for WMA B-BX-BY. 
HI = hazard index 
ILCR = incremental lifetime cancer risk 
MTCA = Model Toxics Control Act 
NA = not applicable 
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E.5.4 BASE CASE WITH 30 MM/YR METEORIC RECHARGE (CASE 8) 

Results for case 8, base case with 30 mm/yr meteoric recharge, are summarized in Table E.38.  
Results for case 8 show the same general trends regarding the calculation locations as discussed 
above for case 1.  Peak values for case 8 generally range from slightly lower to a factor of 2 
lower than the corresponding values for case 1.  Between the BX tank farm east fence line 
boundary and the Columbia River shoreline, the peak industrial worker ILCR ranges from 
4.83 × 10-5 to 8.27 × 10-8.  Peak ILCR values are driven by technetium-99.  The peak industrial 
worker hazard index ranges from 1.97 × 10-1 to 2.89 × 10-4.  Peak hazard index values are driven 
by nitrate.  The peak dose ranges from 2.85 mrem/yr to 4.88 × 10-3 mrem/yr.  Peak dose values 
are driven by technetium-99. 

Temporal variations in ILCR for case 8 are shown in Figure E.14 for calculation points between 
the BX tank farm east fence line boundary and the Columbia River.  Temporal variations in 
hazard index and dose for case 8 are similar to those shown for ILCR.  The peak at the BX tank 
farm east fence line boundary occurs in the year 2000, and the peaks at the 200 Area exclusion 
boundary and Columbia River shoreline calculation locations arrive after approximately 80 and 
310 years, respectively (i.e., years 2080 and 2310). 
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Figure E.14.  Case 8 Industrial Worker ILCR Versus Time at Calculation Points 
Between the BX Tank Farm East Fence Line Boundary and the Columbia River 
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Table E.38.  Peak Long Term Human Health Impacts for Case 8 

Residential Farmer Industrial Worker Recreational 
Shoreline User(a) 

MTCA 
Method B(b) 

MTCA 
Method C(b) 

Dose to 
Worker Calculation Point 

ILCR HI ILCR HI ILCR HI ILCR HI ILCR HI mrem/yr

BX Tank Farm Fence Line 1.64E-03 2.19E+02 4.83E-05 1.97E-01 NA NA NA 2.29E+00 NA 1.05E+00 2.85E+00
200 Area Exclusion Boundary 6.37E-06 7.67E-01 1.88E-07 6.91E-04 NA NA NA 8.02E-03 NA 3.67E-03 1.11E-02
Columbia River Shoreline 2.80E-06 3.21E-01 8.27E-08 2.89E-04 1.37E-08 3.98E-05 NA 3.36E-03 NA 1.54E-03 4.88E-03
(a) Exposures defined to occur only within 400 m (1,300 ft) of the Columbia River shoreline. 
(b) Cancer risks not shown because MTCA addresses only nonradioactive contaminants and no nonradioactive carcinogenic chemicals were 

identified as contaminants of concern for WMA B-BX-BY. 
HI = hazard index 
ILCR = incremental lifetime cancer risk 
MTCA = Model Toxics Control Act 
NA = not applicable 
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E.6.0 CONCLUSIONS OF RISK AND DOSE 

Table E.39 presents the peak ILCR, hazard index, and dose for the industrial worker scenario for 
the four cases analyzed.  This comparison indicates the following ranking from the highest risk 
to lowest risk: 

• Case 1 (no action alternative) 
• Case 2 (barrier case with no water line breaks) 
• Case 7 (base case with 50 mm/yr meteoric recharge) 
• Case 8 (base case with 30 mm/yr meteoric recharge). 

Table E.39.  Comparison of Peak Incremental Lifetime Cancer Risk, Hazard 
Index, and Dose for the Industrial Worker 

Case  BX Tank Farm Fence 
Line Boundary 

200 Area Exclusion 
Boundary 

Columbia River 
Shoreline 

Industrial Worker Peak Incremental Lifetime Cancer Risk 

1 5.39E-05 5.48E-07 2.34E-07 

2 5.34E-05 4.82E-07 1.54E-07 

7 4.85E-05 2.89E-07 1.19E-07 

8 4.83E-05 1.88E-07 8.27E-08 

Industrial Worker Peak Hazard Index 

1 1.98E-01 1.74E-03 4.88E-04 

2 1.98E-01 1.73E-03 4.54E-04 

7 1.77E-01 1.07E-03 3.72E-04 

8 1.97E-01 6.91E-04 2.89E-04 

Industrial Worker Peak Dose (mrem/yr) 

1 3.18E+00 3.23E-02 1.38E-02 

2 3.15E+00 2.84E-02 9.07E-03 

7 2.86E+00 1.71E-02 7.00E-03 

8 2.85E+00 1.11E-02 4.88E-03 

 
Rankings by calculation points indicate the following ranking usually occurs (from highest to 
lowest risk): 

• BX tank farm east fence line boundary 
• 200 Area exclusion boundary 
• Columbia River shoreline. 

The CoC driver for risk and dose is technetium-99.  For the hazard index, the principal CoC 
driver is nitrate. 
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